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History of the Center for High Energy Forming

. In 1964, the Advanced Research Projects Agency of the Department
of Defense requested teams ¢i Universities, private companies, and
Government Laboratories to propose ways and means of bringing about
a direct coupling between science and technology in the field of

Materials Science.

Ao DN a2, AR NSNSt Sl W aidh

oS g rradi S i e e

3 About 65 such teams responded with proposals, some of the most
notewvorthy being the llassachusetts Institute of Technology and Texas

4 Instruments, M.I.T. and A.D. Little, Cornell University and General

s aahbedatad o ROVL Db

Electric, Lockheed and Stanford University. 1In 1965 three contract

awards were made, one to the University of Denver and the Martin Mari-atta
Corporation for research in High Energy Forming, one to Washington

University at St. Louis and the Monsanto Corporation for research on

polymer composite materials, and one to a team composed of the Case
Institute of Technology, Bell Aerosystems and the Union Carbide Corp.
for research in carbon composites. A fourth contract award was made a
year later for research in corrosion to a team composed of the Naval
Research Laboratory, Lehigh University, Carnegie-Mellon University,
the Boeing Aircraft Company and Georgia Institute of Technology.

Three years later, the results of an official evaluation of these

forar ok Raaed AN BT, Ak e AN SR LAY a4 Al S} 1w

efforts were made public in the November 25, 1968 issue of Scientific
Research (P. 13) from which the following quotation is taken:

“The one highly successful coupling experiment has been the joint

«ffort of the Martin Marietta Corporation and the University of Denver
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to develep techniques for the explosive forming of metals. The work

Syt e

attracted support from the Army, Navy and Air Force, and the Army is

expected to expand its support soon."

The Center for High Energy Forming was operated as a team effort

o gt d N S

between the University of Denver and Martin Marietta Corporation during

a

the first six years, with Martin Marietta Corporation as the pr. 2

EORTY 200 Wy

€ contractor. During the seventh year, the application effort was sub-

contracied to E.F. Industries, Inc. by ‘lartin Marietta Corooration.

ML

Before executing said subcontract several alternative approaches for

EATR O PrION Js

perpetuating the explosive metalworking technology were examined,

0
O
[RSPTLCY N P D ¥

namely:

TITT W, [THAE & pr e

3s Loty atin

- "status quo"
- complete phase out by Martin Marietta Corporation ,

- ifartin Yarietta Corporation <ontrolled subsidiary operation

~ sale of technology to another company

p After careful consideration and analysis 'lartin ‘larietta
Corporation made the decision to sell the technology to E.F. Industries,

Inc. and concomitantly subcontracted the ARPA applications efforc to

e E.F. Industries. The reason for this approach was that E.F. Tndustries
offered the best opportunity for hardware applications of the technology
not being restricted by strict product lines.

Throughout the ARPA funded research program, a continuous effort

was made to identify suitable applications for explosive forming and

Aot ot LA E L 2 00200 % BRI e et £ L A UL e DAY

welding. For each promising application that was identified, the potential
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user of the application was requested to provide the funds to adapt
existing explosive metalworking knowledne to tne zpplication. There
rere two good reasons for this apprcach. The first was that sometimes
development work is much more expensive than research work, and with-
out independent funding, a‘'single development program could displace
several research programs. The second, more important reason was that
sponsor participation during thc development program provided a strong

incentive to use the process when the development program was complete.

Accomplishments in the Coupling of Science and Technology

The first obvious source of applications was within the Martin
dJarietta manufacturing plant. Air Force fuuds vere obtained for de-
veloping an explosive forming process to produce one-picce weld-free
19 ft. diameter domes out of 2014-0 aluminum alloy for tire Titan II
liquid fuel rocket. An explosively formed dome is shown in Figure 1,
along with the scale model which was used to verify the process before
forming the full scale dome. Another .artin Marietta generated apnli-
cation was a 51 inch diameter 2014-0 aluminum dome for the Sprint
missile, which was being spun. Army funds were obtained for a parallel
cxplosive forming program to produce these domes. It was found that
it was cheaper to explosively form them, and a dome of better maté}ial
quality and dimensional accuracy was obtained. The spinning process

was discontinued, and these domes are still being produced by exe;osive

forming.
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Another major application that was undertaken as a joint
University of Denver-Martin Marietta project was the development of
an explosive method for autofrettaging cannon. This project was

funded by the U.S. Army Materials and Mechanics Center, Watertown,

Massachusetts. A commercial spin-off from the project was the develop-
3 ment of an explosive method for autofrettaging forging dies, particu-

g larly for application to nigh velocity hot forging methods. The

tahbia i

Sunstrand Company of Denver has successfully evaluated an explosively

autofrettaged forging die, and a patent application has been filed

o

with the U.S. Patent Office.

More recently, a process has been developed by E.F. Industries

A e

for the production of first, second and third stage domes for the

Spartan missile. These domes are fabricated from thin gauge 4340

ol at aar

steel ard will be produced on a production basis starting later this

5

FeY

year. The process was de.<loped directly from principles evolved on

the ARPA program. The following paragrapns discuss programs that have

2 1N e Do XL B4

been evoived from the ARPA funded program but have not yet been utilized

CTETRT

in production.
Explosive welding techniques were adapted to produce fast, E
highly reliable connections for pipelines in the field under the sponsor- :

ship of the tiumble 011 and Pipe Line Company. A field demonstration was

1 1% ahy GRS

recently conducted (Figure 2) in which 200 ft. of pipeline were laid

CainY,

with explosively welded joints. This pipeline was then successfully
hydraulically pressure tested, sectioned (Figure 3) and examined metal-

lurgically. Patents on details of the process are being applied for,
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Figure 3. Examples of Explosively Welded Pipe Joints.
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The Center for High Energy Forming undertook to provide an

explosive forming and welding capability at the U.S. Naval Ordnance
Test Station in Louisville, Kentucky. A team of engineers and tech~-
nicians from N.0.T.S. was given a two week training course in explosive
metalworking by the staff of the Center for High Energy Forming, who
also designed an explosive forming facility for them. This explosive
forming facility was built in 1969 and passed all tests (Figure 4).

It has been in use for over two years, and the N.0.T.S. team trained

by the Center has developed several successful applications of high
energy forming to U.S. Navy needs. At present, the Center is developing,
under separate contract, an explosive forming technique for fabrication
of large thick hemispheres (12 ft. dia. x 6 inches thick) for the g;?.
Naval Ordnance Test Station.

%xpl;sive welding development projects have been undertaken for
a variety of sponsors. Techniques were developed for the Boeing-Company
to explosively bond Titanium 6A1-4V skins to stringers (Figutg 5). Ex-
plosive welding of lead to steel was developed for the International
Lead and Zinc Organization. Examples of explosive spot welds of lead to
lead-clad steel are shown in Figure 6. An example of explosively bond-
ing a copper tube to a steel tube and an aluminum tube to a steel _.ube
are shown in Figure 7.
Explosives can also be used to bond small parts together which

are difficult to bond by conventional methods. An example is shown

in Figure 8 where a small finned structure has been explosively welded

together.
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Figure 5. Ti 6Al 4V Composite Structure Explosively Welded
Sirnultaneously on Both Sides to Center Stringers.

Figure 6. Explosive Spot Weld of Lead to Lead-Clad Steel.
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Explosive compaction of metal powders has been undertaken with

AL N

a high degree of success at the Center for High Lnergy Forming. An
example of a bar explosively compacted from aluminum machining chips
is shown ir Figure 9. Cxplosively compacted aluminum=-silicon alloy K

and carbide tool matexial are shown in Figure 10,

The results «f the basic ARPA funded research programs have

been piesented in numerous technical papers, and in a book entitled

S oDy e L UG &

“"Principles and Practice of Explosive Metalworking" which is in press.

b A W3 Sant

The list of published papers is given in Appendix A.

Several graduate students, supported by the Center for High E

Enevgy Forming at the University of bDenver have been awarded advanced
degrees from both the Metallurgy and Materials Science Department and %
the Department of Mechanical Sciences and Environmental Engineering. 5
A list of students ecarning advanced degrees, whose dissertations were :
on High Energy Forming is given in Appendix B. A list of graduate :
students presently enrolled is given in Appendix C.

The educational significance of the program of the Center for f

High Energy Forming is that each student's graduate thesis was selected

AT

to fill a technical need that had been identified in the effort to carry
out a practical application. Each student was conscious of the contri-

bution he was making in converting scientific knowledge into technology,

ol Ml GRS Alasnt)

and was left with a heightened awareness of the relationship between the

two as well as the differences. It will be instructive to follow the

careers of the graduate students on this program.

12

Konahlprd -




AN ST T hp
P W ST IR YT e Al o S o B T A S R D Ak s LA S toh il o Uy s L VE edbiane it et

,

[ S

eI A
..
O N Lia et
e N2 rae e

R

: T 3! + z) o
TSGRy D, 7 N BT g YT (e 2, o TV RIS A SR R
-

Y

v

con Alloy and

ili

LAY ST

13

oy

ining Chips and Bar made from Chips by

ive Compaction.

o PRLAN
N R RN

.

"

B

inum Mach

Explos
Explosively Compacted Aluminum-8

Carbide Tool Material.

TR TR I T S T A,

Alum

RSty Sea b A T

Figure 9
Figure 10.

it

R A LOC IOt L
.
Ay
L S

gg%kﬂ FFULE

%

®IALT

D g TS HAPE ) 3 v2 ERES N T W N R

a ) e g 8 P TR A T T . O o)




..g(,ql NI e »—-.[v.,g : I v b YIS 7

RS R ALY
CARraed ' e

YT " o
[P N

Yer

237
PR 4

DA WL R S
T R0, Vel

e

AT

oL APER T IR LS S Ml ) St PRSI LRt S e St S D U M S A 5 SO T AR RO S | e e AL L L HEE T Y VAT T A AGLE STETE o0 TR wllenih T

o e RN A A I T RS REST
R e PR e 1 TN SRR 15, S I R R

Present Spin-off Activities anc Future Prospects

From its inception, the Center for High Energy Forming has
sougﬁt outside sources of support to expand its activities, to find
applications for its research discoveries, and to ensure the relevance
of its research program to technological needs as well as to lay the
groundwork for a permanent Center. Some of its previous spin-off
activities were described above. Present spin-off contracts in High
Energy Forming at the University of Denver are the following:

FY72

1. Explosive Joining of Pipeline Humble Oil & Pipe $85, 000
Line Company

2. Development of an Explosively NASA, Marshall Space $38,410
Bonded TZM Wire Reinforced Die- Flight Centar
less Columbium Sheet Composite

3. Explosive Forming of Thick Naval Ordnance $50,000
Walled Domes Station, Louisville,
Kentucky
4, Underwater Explosive Welding Naval Ordnance $25,000
Station, Louisville,
Kentucky
S. Impulse Welding Davelopment Department of $50,000
Phenomenological Experiments Air Force

6. Effect of Dynamic Deformation Naval Air Systems $642,000
on Aging of Superalloys Command

These programs are intended to provide an orderly transfer from
essentially full government support of the Center to other sources from
both the government and private sector.

Current spin-off contracts at E.F. Industries diren~tly related to
the ARPA program include a contract with Martin Marietta Corporation for

explosively welding Inconel 718 thin walled tubes to 6061 aluminum flanges

14
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,? for space shuttle applications and a contract with the Army Materials
§ and Mechanics Research Center (AMMRC) to develop the explosive welding
f: process for making attachments to armor.
; é Another contract with AMMRC is designed to continue the coupling
3 § concept of the Center. This contract, to develop the explosive welding
. % process for helicopter spars, continues the successful coupling formula
1 of an industrial prime contractor, E.F. Industries, with a subcontract
:
3 % to a university, the University of Deaver. Thus, the mechanism for
’ % production implementation is established at the inception of the program.
} % Contracts of this type will enable the Center to continue in the coupling
g mode after the conlusion of the current contract.
$ !
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Intrceduction

Explosive forming, in the past, has always been considered as a
short rur production or prototype method. However, higher volume production
can be realized if suitable equipment is designed and fully utilized.

Only within the last ten years has the concept of an automated
explosive system been considered an approachable goal from a design stand-
point. The design of such machines has been undertaken and extensive
research and development of semi~automatic forming tools have been carried
out. For other high-energy-rate-forming processes, ie., electohydraulic,
electromagnetic and pneumatic-mechanical; production machines evolved almost
simultaneously with the development of the principles and techniques of
metal forming.

In order to automate the explosive process, either fully or partially,
a closed system must be adopted to facilitate borh the design and subse-
quent operation. The advantages of a clcsed expiosive system are as follows:

1. reduction of noise level and concussion produced by the detonation

of explosives,

2. increased charge efficiency, i.e., mwore work accomplished per

unit of explosive weight‘,through the control of explosive energy
to the work piece by means of explosives confinement and shock
reflectors,

3. allows indoor operatiom,

4. feed and clamping mechanisms can be automated.
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Closed Systems Zxplosive Forming Survey

Initial studies in the forming of metals using a low explosive

powder charge were carred out by Lockheed in 1957. This was accomplished

in a closed die using a firing head and 8-gauge shot gun shells (1 inch

diameter) loaded with smokeless powder. The amount of pressure generated 3
was limited only by the strength of the die and the firing mechanism.
This system was designed for safe operation using pressures up to 50,000

psi.

Forming experiments were conducted on 4130 alloy steel and 347 stain-
less steel tubing. Using a female die with a closed pressure chamber and
predetermined charge weights, tubing was expanded and formed to various
shapes. This method utilized gas pressure applied to the inside surface
of the tube to form the metal.

The Ford Motor Company also used a similar system to form jet engine
inlet guide vanes in 1957. Welded preforms of .040 inch thick commercially
pure titanium sheet were explosively sized. The load consisted of an
8-guage shotgum shell calibrated for a maximum pressure of 10,000 psi.

The gas pressure excaped from the firing chamber through an airfoil
shaped opering in one face of the die and bulged the titanium preform

outward to the final vane ccenfiguration.

The requirements for stainless steel and Hastelloy x parts for the 727
\
jet airplane resulted in the design and use of closed die forming. These
thin wall bulged parts were fabricated by the Rohr Corporation in the

early 1960's and are currently being produced by E. F. Industries. <Closed
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dies for diffuser, nozzle and duct parts were designed by Rohr to allow
for the forming of these parts from welded tubing using 38 caliber and

12 gauge loadings of Red Dot powder. These charges are fired after the
tubes are sealed in the forming dies and filled with water. In this
forming method, the tubes are hydraulically bulged outward by the liquid
pressure buildup in the closed system. This hydraulic pressure is produced
by the expanding gaseous product which act upon the fluid "piston" con-
tained in the sealed tube. The above parts are produced in a two shot
forming sequence. A production rate of 2 to 3 parts per hour has been
established for these bulged parts.

Preliminary development of a closed die system at Martin Marietta
in 1965 showed the feasibility of a semi-automatic operation using chemical
explosives. Two facing dies incorporating a rubber transfer media were
used with the explosive being located between them. The two opposed Aies
allow for the production of 2 parts from one operation. The rubber pads,
which were used as the energy transfer media, reduced the cycle time since
the water fill operation was eliminated.
Pneumatic controls permitted opening and closing the system and

part ejection was effected by bleeding air through the vacuum port of
each die block. Placement of the blank and charge was accomplished
manually. Semi~automated operation of this system, while forming 3 inch
diameter aluminum hemispheres, yielded 24 to 36 parts per hour. Pre-
packaged charges, automatic blank feed, charge feed, and part removal

could easily permit the production of up to 300 parte per hour of small,

simple shapes.
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Subsequent development on a six-inch diameter hemispherical die system
resulted in the followiag conclusions on this type of forming machine:

1. The rubber media does not function well for deep draw geometries

since a w/d ratio of =.25 was determined to be the limit for
rubber forming.

2. A vertical die arrangement, i.e., vertical tie rods, would

improve die movement and clamping prior to the forming sequence.

3. The die system should be enclosed it minimize tlie noise level and

maximize personnel safety during operasion.

4. The charge feed and method of detunating the explosive present the

most difficult automation problems.

The British have developed an "Explo-Forma" machine which was first
reported in 1963. It was designed as an explosive forming machine which
could be used to form sheets or tubes under conventional job shop conditiomns.
Since the first prototype machine was developed, a fully automatic machine
which feeds and removes the blanks and explosive charge has been developed.

The explosive charge is detonated in a completely closed, water filled
cavity. As a result, an extremely low noise level, a complete absence of
water splashing, and a much higher efficiency of explosive utilization is
achieved.

Expeéience with the prototype machine showved that the major part of the
cycle time was due to the time required for lowering and raising the bell
of{ the die holder and £illing it with water. Since these handling
difficulties were likely to increase with a larger bell size, it was decided

to invert the machine. 1In this position, the bell could be filled with

water at all times.
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This machine consists of three basic units:

A
JOrEAAE

%
3
¥
:

:
35

1. the bell, forming the cavity within which the explosion

A
oAl

el

takes place,
2. a die holder, containing the die and clamped to the bell
by suitable means, and
3. an explosive holder.
A hydraulic power pack is required to move and clamp the parts. This,

with a vacuum pump and simple control panel, completes the basic forming

machine. ;

Efficiencies were calculated from strain measurements to determine

|..¢1£~|.?!’\' v, 2 O
ot ann ..,4,\‘.n93‘-,,;\«Nv_vn.:v;v;-‘;—-q’a’r"l’"‘?’;'.'w‘f A "-'3""':- AN

the relative efficiencies cf a completely open, partially closed, and a

completely closed system. The calculations showed that the closed systems

E ; had the highest efficiency. The parabolic reflector shows an efficiency
‘ increase of 50% above that of an open system while the conical reflector

showed an improvemeut of about 30%.

This machine has been used in semi-automatic operations to produce parts

. up to 20 inches in diameter. The bell or reflector strength limited the
E. explosive charge size to about 24 grams of PETN.

D An integrated high energy forming machine was developed under a
United States Air Force contract by Vaught Aeronautics Division of L.T.V.
Aerospace Corporation. The objective of the program was tc increase the

I production capabilities of high energy forming beyond the present "state-

i of-the-art" by developing a new and highly mechanized HEF system. This
‘ system would be capable of fabricating sheet metal parts and materials be-

yond the limits of present conventional forming equipment. This was
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possible by the means of integrating high explosive, hydrostatic and elec- A
trohydraulic forming processes into one system.
The resulting integral forming machine was 17 feet tall by 9 feet p

wide by 5 feet deep and weighed 98 tons. A 25,000 ton hydraulic clamping

system is used to generate 50,000,000 pounds of clamping force. The
energy chamber was designed to contain 50,000 psi with a safety factor of

2.0. Several special mechanisms were designed and constructed to permit

the integration of various high energy forming systems into the basic energy
chamber. These included:
1. special high pressure manifolds for introducing liquids and
gases,
2. & multifiring high explcsive gun,
3. a coaxial electrode and transducer for the capacitor discharge

system,

EA 53 NI - PR TTOP IR -OALLL - I\ THE 1 IRE- S U A W PIT P L VAP T REPE Ty PETLNC e

4, an exhaust probe for removing the contents of the energy

chamber after forming.

The forming machine operated in a semi-automatic mode and demonstra- 3
ted the feasibility of a mechanized high energy forming machine. All 3
machine functions necessary for the utilization of the integrated forming
systems operated successfully except for the gas combustion process. The
high pressure liquid, high explosive and electrohydraulic process showed
very good integration compatibility as both singular and combined forming
;j processes in the HEF machine. The high energy forming machine does extend
its manufacturing capabilities beyond those of conventional forming equip- 5

ment. It must be realized, however, that the HEF machine was not intended
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to operate or to be competitive-‘with conventional forming systems where

oy

the forming task lies within the capabilities of conventional equipment.

-

Conzlusicns

? b
: % Based on the survey of closed die systems utilizing chemical ; 3
: E explosives, the following design criteria were established: : ;
?’ |
: ? 1. The system will operate in the vertical direction only. 3 %
! : 2. Water will be used as the transfer medium either in an open or closed . é
s } ¢ 3
] 3 system, } %
, ; 3. The forming tool will be designed, in most cases, with respect to : ?
i ( one part configuration and not designed to facilitate the forming 3
1 . of all possible part sizes and geometries. 3
% 4. ‘The number of parts to be produced of a given geometry and size 1
Y will dictate the degree to which a given system is mechanized. ]

5. Manual explosive feed systems will be used for both single and

multiple shot operations.

. . 5
iatys Lt NS,

The costs involved cannot be accurately determined as there is not

P

o,

a general case which typifies an automated explosive forming system or

2

: "machine". Costs have ranged from a few thousand dollars for the semi-

automatic machine using small dies to hundreds of thousands of dollars

PR EN T

d for a multi-energy-source system.

ey

Production rates for standoff explosive forming operations is
generally stated in the range of 1 to 4 parts per hour. Rates determined :

for the most automated explosive forming systems have baen reported as
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35 to 60 explosive operations per hour. The use of mechanized die

N

,
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systems of the semi-automatic type could be used to obtain a mid-range
of 10-25 parts per hour. In this manner the labor to form a part can
be significantly reduced, thereby, justifying the implementation of a

degree of automation to an explosive forming system.
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Introduction g
In conventional metalworking processes, materials with high yield ?

3

strengths and/or low elongation are commonly worked at elevated tempera- g
3

tures. The increased formability of the material at elevated tempera- ¢
b

tures may reduce the number of anneals required. In explosive metal-

working, the same problem of low formabilitr is encountered when

[ ¥ SR APREC AV

materials such as high strength steels or titanium alloys are utilized.
In order to form parcts from these materials at room temperatures, repeti-

tive shots with intermediate anneals are required. In an attempt to

PP OB X OIS T RWT . UL

reduce the number of processing operations, elevated temperature forming

was investigated. Both a literature survey and an experimental program

GRS ¥, 7L

were undertaken to determine the feasibility of elevated temperature

R LIVE NN

explosive metalworking.

FIRR

ot

)

Svstem Requirements and Testing

4

2.

As previously stated the high strength steels and titanium alloys

represent the bulk of the low formability materials commonly formed.

AR i e et ha

Temperature-2longation data for these materials were analyzed to

Y.

establish the temperature requirements for the forming system. In the

claaa

case of Ti 6A1-4V, it was determined that a temperature in excess of

1200° F would result in doubling the elongation experienced at room

JRES o SRR A5 Y

L
tempurature. iljgh strength steels such as 4340 tested at tals tempera-

(WY

ture showed a 2.8 to 1 increase in elongation when compared to room

temperature data. However, A286 steel shows a loss in elongation at

IO NI e 7
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which transfer media would support a minimum temperature of 1200° F.

] %2 1200° F. A forming temperature in excess of 1600° F is required for f
: %% increasing the elongation of A286., A design minimum of 1200° F was 3
é g: therefore selected with a 2000° F temperature as a design maximum, }
E %_ This 800o F. temperature range permits the forming of most low forma-~ ;
E % bility alloys. ;
3 % The energy transfer media is an important parameter in an ex-

; § plosive metalworking system. A survey was conducted to determine

;

0f the available liquid lubricants, it was found that a polyphenyl

et

ether had the highest usable temperature. This lubricant can be

heated to approximately 900° F without decompnsition. However, if it

TPNP SR SILAT R CE I ICES CER YL - WP TV G L, - S AN A= 1Y

is heated above this temperature, thermal instability cccurs and the

AT

possibility of detounating the media greatly increases.

Since a liquid lubricant was found to be unsuitable, liquid salts

AT A Lt 31 S e

were investigated. All of the salts investigated showed excellent

& Areatio,

thermal properties, however, tne costs seemed to be excessive and ro

L NN

further work was done.
Consideration was given to utilizing hot gases. It was found that
temperatures in excess of 1200° F could be obtained using various heat-

ing methods. The two methods investigated were (1) to heat a’r and

2l Akt X B s el A Y

impinge it upon the work piece and (2) to burn s combustible mixture

2.5k

at the surface of the work piece. The hot air approach appeared to be

PROPE PN

. the more promising of the two methods from an economical viewpoint.

-
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3 o LI
:i? A test fixture was constructed and several tests performed. During g "Z
;A{; these tests, several major problems were encountered. The first i 5
i ;} problem was to transport the hot air from the heating unit to the * §
f géi surface of the workpiece. Since the air was in excess of 1200° F, E
{ %; most piping materials were not strong enough which led to pipe é
% %; rupture. By using extra heavy wall stainless steel tubing, this . i
2 N 3

1 %{ problem was eliminated. The second problem arose as a direct result f
% % of solving the piping problem. It was found that the compressor used | é
; %} did not have an adequate volume rate. The problem was successfully E
2 %
5 i solved by putting three medium volume compressors (100 CFM piston ?
3 ; displacement) in parallel, The third problem which appeared was the i
s %‘ most significant. Thermocouple readings indicated that temperat;re E
] gl gradients existed over the surface of the workpiece. tThis problem, . ;
i coupled with the long heat-up periods required, led to the exploration ?

i of the combustible gas approach. Several mixtures were tried with the é

! existing test fixture. The results appeared encouraging, however, sub- g

3 3

%, sequent analyszis revealed that a major redesign of the fixture was re- i

g: quired and it was concluded that the cost was beyond éhe scope of this . 5

: program. 3

i The remaining transfer media are classified as solid particle ;

media. This classification includes fine saad, finely ground alumina

¢ M@ v

Sen

S

455
;

and small diameter steel shot. An analysis of the heat loss of the

~
ot aaNe L

blank to the die indicated that the die had to be hecated to approximately

the same temperature as the blank. This increases the forming problems

PRV DI LA Iy
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since the clamping mechanism must be able to provide the necessary

force at temperature. In addition, the frictional forces are greatly

A S

increased at temperature requiring the use of solid particle lubri-~

cants over the draw ring instead of the more conventional lubricants

used at room temperatuvres.
The use of a solid particle transfer medium requires that the
¥ charge be buried in the mediun at a specified distance from the blank.
It can be placed on top of the transfer medium but the efficiency is
decreased by greater than 50%. Placing the charge on top of the
heated medium requires that the charge and initiator be adequately
insulated to insure against thermal ignition or detonation of the

explosives.

'{ Conclusions

The impiementation of elevated temperature forming of materials
such as titanfum and high strenth steels presents some rather severe
,f technical problems. As previously dis.ussed, these materials can be
incrementally formed at room temperzture using intermediate anneals
and multishot sequences. Thus, although somewhat tedious, the incre-
mental forming process is easier and safer to implement. It is there-
fore concluded that elevated temperature forming cannot be cunsidered

feasible without considerable additional development.
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III. EXPLOSIVE FORMING OF DOMES HSING
2N TRUNCATED CONICAL PREFORMS

L.J. Effenberger
: L.K.Y. Ching
J.D. Mote
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Introduction A
The explosive forming state of the art encompacses three methods 3

;; of forming hemispherical or elliptical shaped domes by vastly different

. E‘ approaches. The selection of the method of explosive forming depends ;

; on material properties, material thickness, and diameter of the dome :
Eﬁ being formed. These methods are as follows:

% 1. Deep drawing using flat blanks

% 2. Compression forming using flat blanks

3. Sizing using a developed preform

SPIRPENOS R S T PR R L N S

3 The objective cof this program was to study the feasibility of

, producing thin walled hemispherical domes from rolled and welded

PRENELERIRC P 2

conical preforms. The evaluation of varying preform geometries was

made over a diameter to thickness (D/t) range of 240-445. A strain

analysis was conducted comparing the theoretical and experimental

PR TR

strain values.

Due to its availability and ease of fahrication, 304 stainless

steel was chosen as the preform materfal. This material was selected

PP W 1F /S

i
to minimize the effects of welding and thermal treatment. 3

WL AR

Preform Wabrication and Analysis ;

The simplest developable preform shape that can be explosively

sized to a hemispherical geometry is a truncated cone (see Figure 1).
The conical segment is rolled and welded using the minimum rumber of

pieces dictated by available material size. TFigure 2 shows the preform

!
3
:
A
3
i
:
{
N
2
a
3
3
3
4
g
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. g?
f gﬁ layout and dimensions for the 67° cone preform with one piece and four

% piece conical segments. An end cap is welded to the conical segment

g by a circumferential weld. The welding of the components into a

¥

§' preform is planar, therefore, no requirements for double curvature
! % welding exists.
: % The taper of the conical segment, i.e. the angle 0, is critical é
S since the resultant strains produced during ferming contoured shapes j

¥ :
A are directly dependent upon 0. The elementary analysis of the strains 3
v ‘I: 3

¥ : E
ﬁ . induced by expanding a truncated conical preform to a hemispherical ;
: shell yield the following relationships:
% Average meridional strain in cone section - 3
E c = (90-0)n -1 ;
L m ~ T80 sin (90-0) ]
; Average meridional strain in cap section %

e = n(0-45) -1 3
m 90 cos (180-20)
Maximum circumferential strain in cone section
. 1

€eire ~ cos (90-0) -1
These relationships show that as the angle 6 decreases in magnitude,
the conical segment strains increase and the cap strain decreas=zs.

The experimental straia values were calculated from the relation-

J b e

ships:
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where:

S e ala

e, = average meridional strain

T 29

21 = chord length before forming
zf = meridional length after forming

€ = paximum circumferential strain
cire

£ S mprade, Nt e A e

ci = the circumference of a small circle on the cone section
before forming

e

A

o . N AT AR
g S RPN RN LA AT AR IR

Ce = the circumference of a small circle on the hemisphere
E after forming

.

Taivee

Strains were calculated for various cone angles. The meridional

AN TN 2 anrdl ey,

and circumferential strains were calculated, assuming a0 draw for

ERAPRE PELT, 157

comparison with experimental values, ?able 1 shows the calculated
strain values for various preform cone angles.

Figure 3 shows a plot of the strains calculated above for cone
angles over the range of 45° - 80°, It can be seen that for small

changes in the cone angle, large changes in the circumferential cone

MELEAL S B R N v LR AT PR

at3ax:

' and meridional cap strains occur. It is evident from the strain
curves in Figure 3 that the most favorable preform geometry must
minimize these numerically largest strains. Since the intersection of
both strain curves occurs at about 640, the preform cone angles used

in the experimental phase were centered about this point.

PR R T e T o T N S

* Experimental Results

EYPPPARLINCY $05-1T F IR POV G MSIA T TR O 1ok LI WY

A number of tests were conducted using rolled and welded preforms

LS
LIS W) 743

to make twelve inch diameter hemispheres by explosive forming techniques.
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- Table 2 lists some of tihe data taken from the above tests. In all

3 ) cases, except for the 56° cone angle preforms, full hemispherical

2 e e (% LA

shapes were produced in one shot without weld failure.

The 61° and 56° angle preforms were annealed to improve the

ductility of the weld and the heat affected zone. The welds in the

B e S R Ak )

stainless steel preforms failed at about 15 percent strain without

; : stress relief. The only 56° angle preform which formed to final

VAR TR T

geometry vithout longitudinal weld failure was the .048 inch thick

e

.y

; . cone. This cone required two shots for complete forming.,

3 _ The circumferential strain measurements wcre made only on the

e e el %

cone segment o: the preform. The circumferential weld, under conditions

of full preform restraint, does not undergo any circumferential strain é

as it is stabilized by contact on the spherical cavity surface. The

only weld deformation occurs by bending as the (90-0) angle at the

weld is formed to the six inch spherical radius contour. The longitu-

dinal we !, however, is subjected to the numerically largest strain

3 s a2 Saded s

(except for em for 70° preform) when the preform is formed fully to
cap
the hemispherical die cavity.

ek,

A,

nars

The experimental values of circumferential strain in the cone

e

section agreed quite closely with the calculated values as shown in
Figure 4. The calculation of theoretical circumferential strains was

based on the assumption that points on a particular circle on the cone

¢ St e At

e 3% Lo

move radially outward to a circle on the hemisphere during forming.

The maximum value of strain was also assumed to occur at the mid-chord

)
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TABLE 2 P
H CONDITIONS OF TEST AND STRAIN DATA RESULTING g
FROM EXPLOSIVE FORMING TESTS f
% Angle Thick E. cone Em cap E’c ire Comments ;
2 :
%{2 1A2 70° .048 3.56 5.38 5.00 Moderate Draw §
3 2A1 70° .035 3.70 6.85  5.00 Moderate Draw §
E 3A1 70° .027 2.88 8.30  6.00  Slight Draw i
342 70° .027 3.25 8.14  6.00 Siight Draw "%
181 67° .049 2.11 6.77  8.00 Sligat Draw :
g 182 67° .049 2.00 7.00  7.50 Moderate Draw :
2B1 67° .035 1.11 6.30  7.50 Moderate Draw ﬁ
282 67° .035 3.67 10.55  7.85  No Draw f
381 67° .027 3.34 9.60  8.46  No Draw :
1C1 64° .049 1.64 5.67 9.70  Slight Draw
12 64° 049 2.9 6.16 10.00 Ho Draw
2c1 64° .035 2.89 5.72 11.50  No Draw
3c1 64° .027 2.76 5.35 11.60  No Draw
4 101 61° .049 3.34 5.32  14.90  No Draw ;
am 61° 035  3.39 4.50 14,30 o Draw
; 301 61° .627 2.92 3.67 14.50  No Draw
a 1E2 56° .049 .69 1.10  21.40  Large Draw
2E3 56° .035 2.79 3.24  23.99  Moderata Draw
B 3E2 56° .027 2.12 3.87  24.40  Large Draw
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position, i.e. half way between preform contacts at the draw ring

)
w 53:1,:
ey

and the circumferential weld. Actual test showed that the strain
maxima did occur in an area between the mid-chord point and 1/2 inch

below the mid-point {toward the preform cap). Based on a consideration

e s

of circumferential strain, the most ideal prefcrm shape was near a

cone angle of 64.7°.

N aaelp AyAAL
B R T S

L

Figure 5 illustrates how the calculated average strain in the

i

preform cap varies with the preform cone angle. The experimental

caialle 3 i e

DR

data points are shown with respect to the theoretical curve.

Ligod Llpo
-

Initial forming tests on the 70° and 67° preforms did not exhibit
sufficient restraint to prevent drawing in of the preform during

forming. This resulted in reducing the amount of meridional strain

required to meet the final spherical contour. Data points are shown

[P

by crosses for conditions of draw and squares for no-draw conditions.

As one would expect, the tendency for preform draw is much more pro-

£ a2 e e T G T NIl 0 s A RSN £ SN s B en 5 Bt T St WL ¢ m o,

nounced for the steeper angle preforms. Inspection of the no-draw

ORI S Fe s

data shows closc agreement of the experimental meridional strains with

the scatterband esstablished for the theoretical strain curve.

Stk I¥R Il Lxeait

Bk T
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e

The meridional strain in the cone segment, as determined experi-

s 2o
7

EXS

mentally is shown in Figure 6. The reduction of the strains in the

cone section due to part draw are not as propounced as for the cap

g Y

section. The most marked deviation was for the 56° preform where the
i strain values fell way below the theoretical curve. Poor preform to

die fitup (undersize preform) and the use of a two shot sequence to
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AVERAGE VALUES OF MERIDIONAL CAP STRAIN AS DETERMINED
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produce the hermispnerical geometry allewed a large amount of parc
draw.

The thickness strains, as reasured on sectionscut from the fully
tormed domes, exhibitid the widest range of scatter. This was due to
the initial variations in sheet thickness and the uimensional changes
incurred due to preform fabrication.

The thickness variation along a section of the various cone
prefoxrms can be seen in Figures 7a and 7b. The distribution on the
cone is as one wonid expect with zero values at the die contact points.
The values then increase reaching a maximum value at the mid-chord
location. The maximum values occurred for the 56° preforms as the
degree of deformation required for contour definition is the maximum
in this case.

The cap thickness strains are zevo at the circumferential weld
location under conditions of no-draw. When preform draw oc-turred,
compressive strain caused section thickening. MMaximum thinning was
found to occur, not necessarily at the center of thke cap, but at
locations on either side of the centerline,

As the cone angle decreased, the cap diameter decreased reducing
the total strain required to contact the die contour. TFigure 8 illus-
trates this reirationship with the exception of the 70° cone data. The
amount of preform draw was sufficient to lower the resultant thickness

s'.rains of the 70° cone cap to a magnitude less than the 67° cone cap.

The maximum thiaout reported was 177. ‘lost values fell in the
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range 2-12%. Therefore, preforms can be designed to produce shells

with reduction of the amount of thinout.

] Conclasions
] ' The feasibility of the forxrming hemispherical shapes by the 4
- explosive sizing of rolled and welded preforms has been demonstrated.
Parts o. each preform geometry ware formed completely to the six inch

hemispherical contour. i

sl b iR e

Parts formed over the D/t range of 257~445 showed no tendency

for preform wrinkling or buckling. The only reason higher D/t values

FE APy

were not used was because of the limitations in welding very thin

W

stainless steel sheet material.

The experimental data for completely restrained parts agrees well

NPT WAL VN Y

with the analysis. This analysis shows the preform design, namely a

X

3290k

cone angle of about 660, required to minimize part strain. Further

reduction of the total strain can be effected by allowing the preform

[RPRL N s

to draw.

vtla s,

Another approach to fabricating thin shell parts, which has been ;
demonstrated but not investigated in detall, is using a very stiff

clamp ring to prevent buckling. Parts with a D/t of about 400 have

SN et ATk %

been fabricated using flat blanks without face sheets. Hence, there

IVATE]

are at least two explosive rorming methods to be considered for

fabricating thin shells,

Lo 33 30 30 bn o aun
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i IV. ANALYSES OF DIE STRESS DURING EXPLOSIVE FORMING

L. K. W. Ching 4

J. D. Mote
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o Introduction A
Y3 P,
2 There has been very little work done towards measuring or calcula- y
2 :
3 ting the loads on an explosive forming die. The majority of the work k

accouplished in analvzing the stresses in spherical parts has been
E 5 limited to static forcing functions, deformations of thin shells, or

S elastic solutions to stress wave loadings. None of these analyses

T
RN oy o2 3V )

can be easily modified for a thick shell subjected to both time and
spatial varying loads. Consequently, an analytical study would

have to commence from basic ccncepts. Difficulties such as the speci-

W TR TR LT W ot F 170 e X 7S

\ fication of boundary conditions could seriously hinder the analysis.
Since a complete analytical approach can be ruled out as a quick solu-
tion to the problem of determining die loads, the complementary apprcach E

would be the experimental measurement of these loads. The experimentally %

derived results could be used to determine the accuracy of the analytical
solution.
Experience has shown that dies designed for explosively fabricating

51 inch diameter aluminum head (Meehanite dies) grow under repeated shots

R PPR ST 15%

in spite of a rather massive design. The die contour is out of tolerance

after approximately 200 shots. This may be partially due to localized wear
at the draw surface. However, the deviation from contour is more likely

due to localized overstresses resulting in plastic growth of the die. This

AT TRRE SPUPE Y G T

phenomena is extremely difficult to analy ze since it is not directly

related to the bulk behavior of the structure. Shell dies have been

PORITS

considered but the above experieace indicates the analyses and experi-

o T DL T

ments conducted using this concept do not reflect the actual conditions

experienced in actual production explosive forming situations.
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K Therefore, it was the purpose of this study to determine the energy
L« , ,,;:'
f g& transfer to dies during explosive forming. The results of these
d X
E X
: g; measurements were used to develop rational die design criteria for
i 5
- explosive forming dies.
3 ¢ The subsequent sections describe the experimentzl techniques uti-~
a 3
? E lized and the results, the analytical calculations and guidelines for
; die designs.
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Experimental Set-up and Results

The die utilized for these tests was a 6.0 inch diametcr

hemispherical cavity die with an outer diameter of 12.0 inches, 4.75
inch hLzight and 3.25 inch minimum wall. The blanks were clamped to tne

die with a steel hold down ring and bolts torqued to a constant value.

,,
. ” ;

B ARt s ot LSy s

ST T TGRS S SR 3

A schematic of the die set up 1s shovm in Figure 1. All tests were

v s g egeRT 4

performed in a hot water (135° F.) forming pool.

Annealed 2014 aluminum and 18%Z Ni Maraging Steel blanks 9.5 inches in

o

diameter and .063 inches thick were used. The explosive charge was

TP PR
V.

g sorh (s s e LR g ey

Composition A-3 pressed into a hemispherical shape. Several charge

weights and standoff distances were utilized in the tests.

]

For the measurement of die strains, rosette gages were bonded

to the circumference of the die. A watertight electrical conduit

protected the instrumentation wires to the strain gages on the die,

The conduit was found to be necessary since the shock wave ac:ting upon

Ty A ] T

these lead wires generated extramecus electrical signals which lead

to erroneous measurements. A trigger wire beneath the explosive che.rge
was used to disrupt an electrical circuit and establish the initiuti.n

of the test time period.

5 Strain measurements were recorded in a conventional fashion by the
use of strain giges, wheatstone bridges, amplifiers and oscilloscopes.

A block diagram of the instrumentation system for one channel is
shown in Figufe 2.

A more detailed electrical schematic of the instrumentation setup f&r

measuring die strain only is_shown in Figure 3.
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The outputs from three ileg 45 degree rosettes were recorded simultan-
eously so that the principle stress~s cculd be calculated. Calibration
of the system was done prior to each toest by shunting known resistance
values across each gage while the gages werc underwater., This method
calibrated each circuit to a simulated static compressive strain assum-
ing only that the manufacturer's gage factor was constant. The high
excitation voltage (24 volts) was also recommended by the gage manufacturer
as satisfactory to maintain a constant gage factor. The balanced bridge
system of 350 ohms and 24 volt excitation was selected over the 120 ohms
and 6 volt excitation system to schieve a high bridge output. Since
noise was anticipated and would also be amplified, a high bridge output
gave a higher signal-to-noise ratio.

Noise from several sources was found to be a problem in measuring
low elastic strains as the noise could have a greater amplitude than the
actual strain signal. It was possible to minimize the noise to less than
15 micro~inches per inch while measuring die strains of 200 micro-inches
per inch by using water tight conduit to contain the instrumentation lead
wires.

Installation of strain gages for measuring dynsmic elastic die strains
was perfoxmed per the instructions supplied by the gage manufacturer. The
gages were annealed constantan foil mounted on a polyimide backing. The
die surface was prepared using cleaning solvents from the vendor's strain
gage kit. The bonding adhesive was a room temperature cure type so that
the same techniques could be used on much larger dies. The waterptoofing

vas a two part epoxy recommended by the gage manufeciurer for submersion

applications.
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The test procedure used is outlined below:
1. Cowaect all ir ttrumentation and perform a functional checkout.
2. Lxsconnect all instrumentatiun lires to the die.

3. 1Install charge and iower the die and charge into the pnol.

4. Reconnect instrumentation lines and balance the wheatstone

bridge, eliminating temperature effeccs.

A Al e RN

5. Set triggering circuits for oscilloscopes and camera and detonate

-

the charge

. s

6. Develop Polaroid film.

A typical trace is shown in Figure 4. The results derived from the

T W\ WA

tect were then reduced to digital form from the fi'm and used as input to

T

a computer program. This computer program then resolved the straims into

PR

principle strains and the resulting principle stresses. From the principle

stress versus time tabulation, the maximum stress induced in the die was

v et abe g ol

found.

The grestest mininum principle stress was of the most interest. It

represented the major measured die load in all tests since this was the

i 2

maximum compressive stress. Figure 5 is a plot of this maximum compressive

ek X

die stress as a function of the ratio of the standoff distance to die
[
dianmeter (L/D). Tests were conducted at six L/D i1:.tios and the results ;

recorded. After the data was reduced, the maximum compre:ssive die stress

L

was determined. The repeatability of the stress ragnitude was checked

by msking several shots at a yiven L/D ratio. For these shots at a

20 ¢ bl A S

specific ratio, all parameters were kept constant. The repeatability of

ke A abakcand (ALK
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stress magnitude between tests is shown to have some scatter, Testing
has indicated that the load is balanced across the d ... The balanced

load was shown by measuring the dynamic strain of ax‘«s’ unted gages which

YT AT RO

were on opposite sides of the die. In addition to thorz tests shown in

Figure 5, two tests were performed on 18% Ni Maraging Steel domes. The
results of these tests are suown in Table 1.

In addition to the maximum and mimimum stress values, the date indi- ﬁ
cated that the maximum di. stress is a result of the explosive shock loading.
Little or no stress was induced in the die by either the reloading phenomena
4 or the part impacting the die. However, the above statement cannot be gen-
; eralized without further experiwmentation. The die utilized in this series

of tests was a massive system e&nd would therefore be rclatively unaffected

by reloading or blank fmpact. For a less massive die, either loading

Skt > nd g s Ll

or a combination cf the loadings could become the prime forcing furctior,

as wposed to the explosive shock loading.

~r

Theoretical Considerations ?

Two analyses were performed in order to correlate the explosive
charge and forming geowetry to the stress induced in the die. The first
approach wag to start with the empirical cmergy fiux density equation
whtile the second approach is to coemence with the pressure ioadiag of
the die ind:rced the by shock wave from the explosiv:. Both spproaches ?
are presented below: i

Energy Apnrcach

From the principle of conservation of euergy, the strair encrgy in
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the die (ED) is equal to the energy induced by the charge (Ec) or
E, = E, (1)

The strain energy of the die can be calculated as work done per unit volume

which is equal to the area under the stress-strain curve. Since the die

strains are assumed to be elastic,

2
ED/(Vol of die) %_oegf (2)

[

where
ceff = effective stress

E = Youngs Modulus of elasticity

Equation (1) then becomes

2
% (Vol of die) <Je§f> Ec (3)

If it is ussumed that the loading for the first shot is in the axial

direction, and that the die is basically a hollow cylinder, then equation

(3) becomes

The energy delivered to the die by the charge can be estimated by an

*
equation similar to those used by Ezra.l Using this approach the

energy deliveredto the die by the charge is given by

Ec - %e_ (cos ’1 - co8 Q) (5)

*Refer to Bibliography at thLe end of this vclume.
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where cosﬂ1 =_ 8

/ 2+ (1.9.2/4)

cos¢2 =

2 0.D.2/

5+ (T 2)

=
L}

welght of charge

e = gpecific energy of the explesive

»
[}

standoff distance
I.D. = die cavity dimeter

0.D. = outer die diameter

The diameters and distances are shown in Figure 6. Combining equation
(5) with (4) and simplifying yields the following equation for the
maximum effective stress in the die. .

ceff = sqrt / 2WeE  [cos¥, - cosf
th > (6)

OoDoz - IoDo

The forming shots after the first shot, the charge is placed near

the top surface of the die body or inside the die Eavity. Consequently,
the loading is not in the same manner as for the first shot and the
assumption used previously is invalid. If it is assumed that the loading

is of a spherical nature, then equation (3) becomes

2 3 3
E. = = 0 oeff [(I.D. + 2M)" -~ I.D.] @
e
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where M = wall thickness of the die at the point of

interest, (See Figure 6) and the volume of the die is

- .-«n-—qpy‘g{.-v,,‘
v o

calculated to be that of a hemispherical shell. 4

The energy transferred to the die by the charge arrives via the

b 20

contact area between the blank and the die. This amount of contact

cannot be specified a priori, norx can it be predicted with any

AL SN b n T i

accuracy. Hence, it will be assumed that all of the energy trans-
ferred to the blank is in turn transferred to the die. This assumption
should yield a larger die stress than tne actual case. From this

assumption, the energy transferrad to the die is

E, -'23 (1~cos¢,) (8)

it 2 LIRSS T et v T et L A Tume 3 i S L b

Substituting equation (8) into (7) and simplifying yields the  fective

stress in the die wall which is
6WeE (1-cos¢1)

n kLo, + 26 - 1.0,

Where w = weight of explosive charge

b’ hhttyanads L35

ceff = sqrt 9

DL T am a0

e = gpecific energy of the explosive

MAIE. bt stk

E = Modulus of elasticity
I.D. = die cavity diameter

M = wall thickness of the die

I'D. - 2“ + 2’:
IoDo

o !1-9o°+ncmz( )

Pressure Apprcach

A second approach to calculating die stresses is to start with the
free field shock pressure from the explosive charge. 1f it is assumed

that the shock wave is acoustic and that the die acts as a rigid

. i
O - Iv-15 i
- {
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surface, the maximum pressure that acts on the die is given by
a' Z
. P = 2Pn (10) :

The equation for the peak pressure (Pm) from an underwater explosion has

been empiricaily determined to be 2»

Pm = A (W1/3)
R

_ (11) 3;
; where A, a = constants for a given explosive é
W = weight of explosive é

E

R = distance from the explosive as defined in 3

Figure 7 = 22 + z2 g

Using the previous cylindircal assumption, the stress in the die g

(ceff) is equal to %

ceff = -P (12) 1

from shock wave considerations. Combining equations (17), (11) and :

(12) yields i

ceff = -2 (W1/3)* (13) 43

R %

Equation (13) applies to first shots only since the cylindircal E

assumption was used. ﬁ

For forming s...ts after the first saot, the spherical azsumption is 3

made again. In addition if a quasistatic state is assumed, the standard ;

Lame equations for stresses in a thick spherical shell muy he use From

bl aid el a Sar 14

equation (10) and (11) the pressure is
(14)

A
3

P = 24 (W1/3)°®
")

v-17
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wheye R= I.D. + & - w
2

Substituting this pressure into the Lame equations yields

(0.5 o.D.ir)3 + 2
©D) 3-1
1.D. (15)

pene STRpAAITSST TR
* NE =M
)

gg = - AW/
R

; o = 22011/3)° 0.5 o.n./r3 -1,
k1] ”
- (OODT - 1
I .ID’

where r = I.D, + M
2

1f equations (15) are applied to the outer boundary of the die, then

it can be seen that the radial stress vanishes.

Comparison of Analytical to Experimsntal Results

Using the experinental parameters as given previcusly, various

stress valuss were calculated using the nreviously derived equations.

The results are shown in Taeble 2.
When compared to the measured results, it can be seen from Table 3 a

that the pressure approach consistently over predicts the die stress

whereas the energy approach gseems to wider predict the die stress for ]

nost casss.

Die Design Criteris
The equations derived give some qualitative guide lines to the

Sandad Dedegasidrvaa

designing of dies. Frox these equations, it can be scen that the
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! TABLE 2

ANALYTICAL RESULTS FOR NAXIXUM COMPREISSIVE STRESS

Pressure Approach Energy Approach

2014-0 4D “iaximum Compressive Stress Maximum Cornressive Stress
(1. REI) (13 KSI) ;
I. 1/6 18.746 19.917 3
: TI. 1/4 18.612 11.730 :
L I1I. 1/3 17.932 . 13,683 3
s Iv. 1/2 16.300 14,282 ;
] v. 7/12 16.17% 14,162 ]
Vi, 2/3 15.452 13.879 3
187 4. “arazing Steel ;
I. 1/6 10.484 21.226 1
I1. 1/4 42,250 45,406 :

v
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TABLE 3

ANALYTICAL T EXPERIMENTAL STRESS RATIOS

osna/ogexp (average)

© e AR R R I

Shbd A A A A A Bt b I L

2014-0 Pressure Approach Energy Approach
1. 1.45 0.84
i1, 1.44 0.90
III. 1.69 1.29
1v. 1.04 0.88
v. 1.08 0.95
VI. 1.72 1.54
187 Ni. Maraging Steel
I. 1.55 1.30
11. 1.00 1.07
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thicker the die wall is the lower the die stresses will be and hence
the longer the die life. In addition, the equations and experimental
results show that the charges after the first shot have a tendency of
producing larger die stresses due to the increased charge efficiency.
As the wall thickness of the die decreases, the die acts more like a
membrane and is more likely to flex or deform when the stresses exceed
the yield stress of the die material.

Based on the equations given, the most weight efficient die design
would be a die whose outer contour was the same as the cavity contour.
In many cases, this is impractical since contour machining of the
outer surface would be eupensive and would also leave an unstable
surface for the die to rest on. A modification such as that shown in
Figure 8 would yield a weight efficient die without the complexity of
analyzing or fabricating a ribbed structure. The minimum adequate wall
can be calculated using either the pressure or energy approach. If
the energy approach is used, then the wall would be under designed,
whereas, the pressure approach will yield a wall which is over designead.
A typical die design outline is shown below.

1. Estimate the largest charge size for a signing charge and

calculate the die stress based on an estimated minimum die wall.

2. Estimate the largest charge size for a first charge and calculate

the die stress.

3. Iterate on steps 1 and 2 to ohtain a suitable wall thickness

and stress level,

[T PRPET S LA NPT
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Figure 8. Unribbed, Welght Efficient Die
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4. Design basic die body.

5. Design clamping arrangement.

i 6. Design evacuation system if required.
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Introduction

There is a great deal of interest in using explosive methods for
compacting metal and/or ceramic powders. This interest exists hecause
of the high pressures that can be generated by explosives and the desire
to attain significantly greater compaction densities in material systems
where conventional methods produce unsatisfactory results. The most
promising area for immediate use of explosive powder compaction methods
is for forging preforms for compressor discs and preforms for turbine
discs and turbine buckets. ‘The potential advantage of this process is
to provide greater homogeneity in the material thus eliminating the
lamination problems encountered with other more conventional processes.

The amount of research done in explosively corpactingpowders has
been minimal. A literature survey was conducted by the University of
Denver to evaluate the parametric studies that have been conducted to
date. Since the various compaction techniques and their advantages and
disadvantages were discussed in the Fifth Annual Report of the Center
for High Energy Forming, no further general discussion will be included
in this paper. Additional parametric studies have also been conducted
at the University of Denver. E.F. Industries, Inc. conducted a program
to determine a suitable container design and explosive loadings for use
with the implosion compaction techniques. This explosive compaction
method required the lowest amount of capital expenditure and could also
be implemented in the shortest period of time.

Two types of metal powders were utilized during this program. Iron
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filings (-20 mesh) and Udimet 709 powder (-120) mesh) were used in

TOPRERT TR Ty BT ST T O,

both the container and density studies. Stainless steel tubing was

T

used in both studies since it was readily avallable and easily fabri-

cated.

Contajiner Studies

In order to establish a suitable container design, cylindrical powder

containers were fabricated. A schematic of the container and explosive

thcaay

configuration is shown in Figure 1, The powder containers were fabri-

ah N4 2O 24

cated using two different metal thicknesses. In order to eliminate any

effects of air compression, the cans used in the container study wvere

¢ -cuated prior =c rdetonation of the explosive. This series of tests
ndicated tha. the te is no sipgnificant effect of container wall thick-
sser on the compac d density as long as the tubes are thin (wall
ness to radius ratio <10). 1In addition, it was noted that long
compacts (length to diameter ratio >5) did not yield higher compacted
; densities than short compacts (1/d <3). It was noted, nowever, that
the long compacts were prone to bowing and were therefore more sensitive
to experimental technique. However, this bowing effect does not affect
the density of the compact.
Based on the above study, the long container was sclected since it
would yield a large number of specimens for various destructive tests

and it would also reveal the precision with which the experimental set

up was made.
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FIGURE 1

SCHEMATIC SECTIONAL VIEW OF CONTAINER
AND EXPLOSIVE LOAD
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In order to determine if a ‘acuum wi~ required for the compaction
process, a series of tests was c¢~ 's.ted. Several identical containers
wvere fabricated and loaded with iron filings. Half of these container-
were evacuated during the compaction, whereas the remaining number of
containers were not evacuated. All tests performed used the ide.itical
explosive loadir~ and configuration. Care was exercised in keeping as
many variables ‘. .. ;ant such ar using explosiv. from the same batch,
Detasheet cut fror .ie s ue stec2 .d staln..ess steel tubing from the
same tube. After compartio .z .wples were taken from each specimen
and subjected to density determination, macroscopic examination and
miéroscopic examinatiova, All testing revealed that a vacuum is not
required for explosive compaccion of powders using c¢he implosion

technique.

Density Studies

Many parameters entered intc this siudy and some were not varied
in order to keep the program manageable. The parameters related to the
study are listed below.

1. Powder to be compacted

a. Quantity and type
b. Particle size and distribution
c¢. Particle shave

d. 9xide layers present

e. Precompaction
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2. Explosive

a. Type
b, Loading
c. Impulse developed

d. Angle between powder contairer and ‘etonation front
and other related geometry of the s;¢ .em

e. Detonation velocity
f. ‘ethod of initiation
Of the powder parameters, the type of powder, particle size and

amount of precowpaction were the only ones varied. As stated earlier,
iron filings and Udimet 700 powders were used. The iron filings vere
large in size (~-20 mesh) and could not be compacted to as high a
density as tk~ smaller (~120 mesh) Udimet 700 powder. The mwaximum
compacted density for the iron filings was 867 of theoretical density,
whereas, with the smaller Udimet 700 pcwder, densities of 997 of
theoretic.l density were achieved. ™icroscopic examination of the
iron compacts revealed that the voids could be closed only by gross
particle deformation due to the eitremely large particle sir s. How-
ever, if the compact is overpowered to achieve gross particle deforma-
tion, shock wave interactions at the center of the compact caused

cracking of the compact to occur. In the case of the Udimet 700, micro-

scopic examination revealed that the smzlie~ particles flow more readily

resulting in a denser compact. It was evident after this series of tests

that:

1. Smaller particle sizes result in denser compacts

V-5
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g 2. Less rarticle deformation occurs with smaller particle sizes
; B Work was there..re discontinued with the iron fiiings and the Udimet 700
powder was used exclusively for the remaining tests.
3 With both the container design and powder parameters fixed, in-
E vestigations to determine the relationship of the explosive parameters

to the compacted density commenced. Since the impulse developed by

Y

the expinsive is governed by cthe type of explosive and its detonation

gt 2

velocity, it was ruled out ac a primary parameter. The angle between
the powder container and detonation froat was also considered to be a

secondary parameter because it is specified by the method of initiation,

type of explosive, detonation velocity of the explosive and charge con-~
figuration. The container was cylindrical, therefore the explosive

charge configuration used was cylindrical to facilitate in the set up.

The method used to detonate the main explosive charge was to detonate a
Detasheet charge using a blasting cap which in turn detonated a small
lead~-in charge. When the lead-in charge was completely detonated,
detonation was occuring in a nearly planar front resulting in a collapsing
cylindrical shock front then actingupon the container and metal powder
thus effecting compaction of the metal powder.

Using this techrnique, several different explosives were evaluated
as potential energy sources. Since it was the most readily available,
Red Cross 60%Z extra dynamite (approximate detonation velocity = 12000
feet per second) was used. Visual examination of the compacts produced

by this explosive revealed that minor radial macro-~cracks occurred for

sz asted L. |
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¢ all explesive lcadings used. Since these cracks wer: present, the
compacted densities were mmuch less than the theoretical demsity. A
second 3eries of tests psrformed with Composition A~3 (approximate

detonation velocity = 22,000 Yeet per second) produced compacts with

TTTRTATERT

even larger radial cracks aleng with a hollow centered compact. In
ar attempt: to eliminate the radial cracking and central pipe, a third

series of tests was performed using Trojan 70C explosive (approximate

Ana S it LI i ey

detonation velocity = 11,000 feet per second). Compacts without either
type of defect were produced using this explosive. Since the detonation

velocities of the first two explosives used were higher than that of

Scan i sy

the 70C, it was conluded that the faster detonating explosives Jo not
have a long enough pressure duration to prevent over-recovery of the
compact as described in the Fifth Annual Report. If the compaction
process is performed in water as opposed to air, then the faster ex-
plosives could possibly be used.

Density measurements were made on samples used in the above tests.
It was found that the maximum densities occurred in a range of explosive
to metal powder weight ratios of 1.2 to 2.1. The weight ratios to

achieve maximum compaction for various situations are shown in Table 1.

O e L R

From this data it appears that for the system used in these tests the
ideal weight ratio lies between 1.4 to 1.6. Data from systems using
different metal powders but similar to thogse used here indicate that

the ideal weight ratio is somewhat larger, with values from 1.4 to 1.8.
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It is interesting to note that in the case of Udimet 700, green compacts
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produced by more conventional methods have not been reported near

100Z theoretical density whereas explosive methods have produced

compacts at the 997 of theoretical density level.

Conclusions and Rzcommendations

The explosive compaction of powders shows considerable promise

as a method for fabricating forging and machining preforms. The

implosion technique used in this study can be easily implemented and

the densities produced using this technique warrant further research

in explosive compaction.

During this study, the following results evolved:

The experimental work should be extended to various other geometries

The metal powder container should be of 2 thin wall design

Mo vacuum is required to attain compaction densities near
theoretical

The most important powder parameter is particle size

The most important explosive parameters are amount and
type of explosive

For the systems investigated, the maximum densities
occurred for weight ratios from 1.4 to 1.6

and materials. The geometries should include:

1’

2.

3.

Solid disks
Plates and blocks

Hollow cylinders

“Shells

Special hardware configurations

i
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Materials which should be included are refractory matal powders, metal-

ceramic powder mixtures and ceramic powders. Tests conducted on the

resulting compacts should include:

1.
2.
3.
4.

S.

Density umeasurement
Hardness measurement
Compression tests
Tensile tests

Machinability

Additionally, consideration sheuld be given to sintering the green

compacts with subsequent coining.
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E 3 Txplosive forming has been applied extensively to aerospace components
¥

; 3 over the past itwo decades. Mcst of the materials that have been explosively

b formed are those of interest tc the aerospace industry such as aluminum

e alioys, titanium, steainless steels, and superalloys. Scme work]"d has been

3 conducted on high-strength low-alloy steels that has shown an influence of

3

S orientation upon the terminal properties. In two cases3’u the hardness of

{ ’ & low carbon steel that was explosively formed was lower than counterparts

that were statically strained to the same equivalent strain. Harris and

«
White”, using a 0.05% C steel that wus dynamically uniaxially strained,

PETAES

found a higher hardness in the dynamic stress condition. Ouner investiga-
£-9

tors using dynamic uniaxial stress conditions compared with static experi-

ments agsin found the static flow stress to be less for the dynamic condition.

9

In a survey by Orava and Otto” on the terminal properties of explosively
formed materials, the terminal properties of materials were determined to be
& function ;f tre particular metal being formed. Blanket statementslo that
explosive forming was detrimental to terminal properties were analyzed and

could be related to vne or two situastions in wnich some degradation of a

particular property in a particular material might be affected. 1In the same

11

context, beneficial results were noted for other materials
Although a limited amount of data was available on low carbon steels,

the resporse of a steel tn high energy forming would be a function of the

NI R KR RCITTERT AT, e v o

particular steel. Any alloy additicn would ianfluence the results with re-
spuct to work hardening, response to heat treatment, original strengsth and

structure, and morphology after forming. No single study cculd cover all of
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the hundreds of steel alloys in use, nor could their mechanical properties
be projected as a function of strain rate. 1In the present work, two pres-
sure vessel steels were explosively formed and the terminal progerties com-
pared with staticelly strained material. It must be pointed out that the
conélusions reached in this study apply only to these two steels, and auny

projections to other steels would be speculative.

% - MATERIALS AND FCRMING PROCEDURES

’ The two steels selected for investigation were A285, Grade C, and

faka v Ciinnty

; A515, Grade 70. These two steels are used in pressure vessel applications

and are covered by ASTM Designations A285-7Oa12 and A515-7ll3. The A285

T

W XYYy

steel is low carbon steel for general pressure vessel applications whereas
the A515 is intended for intermediate and higher temperature service.

E . Specifications for these steels are presented in Table 1. Both steels are

cross-rolled during plate production to give a relatively uniform grain

size. The final rolling direction is used in delineating the oriention

¢ and does not imply that this is the only direction in which the plate was
processed. Both steels were ohtained in the hot rolled and normalized
condition. The A285 steel was 3/8-in. thick, and the A515 was 1/2-in. thick.

Two explosive forming procedures were used: (1) forming in 2 "lat

o sy s

vottom die and (2) simultaneous forming of two blanks. The latier method

14

was developed by Alting™ ' and resulted in higher strains than die forming.

Prior to forming, the A285 steel was sand blasted and the AS515 steel surface

AN NPT

ground on one side only so a circular photogrid could be plsced on the steel.
The grid system allcwed measurement of the circumferertial # * radial

strains. No attempt was made to measure the reduction or inecrease in thick-

wams A

ness. For comparative purposes the effective strain was used. Assuming

that a constant volume ccndition




35
et

PR

.“f' <

7 AR

INACRIATET KA

L o
»

R

L e eI e
b

o : D 1ed CTPAV A TS Ras,
- ¥ ’Wﬂm TRVE e G segpeit o 4

5} S

s

i,
tfi?‘. UoF et
z;!“m vﬂ’l» g ""“W?Q'”@m}iﬂt'W"ﬁ*"'m@”i‘??t"*‘-?f'whﬁ’-&ﬁ‘ B AR ety e sk

v

Table 1.

A - Sl o SO

PR L A AT

for A285, Grade C and AS515, Grade 70 Steels

Chemical Requiremernts

Carbon,

max percent

Manganesc, max

Phosphorus, max

Sulfur,
Silicon
Ladle
Check
Copper,
Ladle
Check

Tensile

max

analysis
analysis
when specified
analysis

analysis

Requirements

Tensile

strength, ksi

Yield strength, ksi min

Elongation, % in 8 in.

Elongation, % in 2 in.

A285, Grade C

0.28
0.9
0.035
0.045

0.2 to 0.35
0.18 to 0.37

55 to 65
30.0
23
27

VIi-3

Chemical and Mechanical Properties Specifications

A515, Grade 70

0.31
0.9
0.035
0.04

0.15 to 0.30
0.13 to 0.33

70 to 85
38.0
17
21
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g % exists, the effective strain is calculated using the modified Von Mises
: i Henchy criteria
;
i EX = 2/3(€R? tegnt ecz)l/2 (2)
% Engineering strains were used to calculate the effective strain even though
% the criteria are based upon true strain. Since the strains were used in a
g relative condition, converting engineering strain to true strain was not
i warranted. Typical strain distributions are shown in Figures 1 and 2 for
% the explosively formed conditions.
‘ For ccmparing the A285 explosively formed steel with a static rate
» rass, the specimen blanks were prestrained in tension to the same effec-
strain as the specimens selected from the explosively formed stock. A
constant strain level of ¢* = 0,053 was used.
Strain levels of 0.04 and 0.0L45 were selected for the A515 steel that
had been die formed. The strain level of 0.04 was used for tensile tests,
while the 0.045 strain was used for Charpy impact test specimens. On the
free formed A515 domes a strain level of 0.35 was selected for all specimens.
For comparative purposes, blanks of the A515 were alternately rolled at 90°
;' to the same effective strain as that in the specimens selected from the domes.
' Tensile tests were conducted on specimens with a l-in. gage length.
. Standard size Charpy specimens were made for the A515 steel in the as-
§ received and 0.04 strain condition. $uk-size Charpy specimeus were used
( for the A285 steel and the A515 steel strained to 0.35 effective strain.
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Sub-size specimens were used since the thickness of the domes was not great
enough to obtain a standard size Charpy specimen.

The A515 steel was tested both after forming and subsequent stress

relief heat treatment. Tests on the A285 steel were made on formed and

heat treated stock only. TFor both steels the heat treatment consisted of
{ heating the steel at 650°C for 1 hr., then slowly cooling to 300°C. This

is the standard12’13 heat treatment for these steels.

RESULTS AND DISCUSSION OF TESTS CN A285 STEEL

Tensile tests conducted on the stress relieved A285 stezls were on
specimens in which the orientation was longitudinal to the final rolling
direction of the plate. Results of the tensile tests are presented in
Table 2 and graphically shown in Figure 3. All of the test results fall

b within specifications12 for the A285, Grade C steel. A comparison of the

statically prestrained tests with the explosively formed tests does not
show any dramatic differences in the strengths. The explosively free
formed tests did show a decrease in ductility, but the ductility would be
within specifications for this steel. There was no indication of any
crientation effects in the tests.

The increase in yield strength noted for the strained specimens is
matched by a corresponding drop in ductility. Statically prestraining the
steel reduced the stress relieved ductility by 15%, while the decrease for
the explosively formed steel was 19%. On the basis cf reduction in area,
escentially no difference exists in ductility. A trend is noted in that

the ductility is greater in the transverse direction in all cases.
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1 Table 2. Results of Tensile Tests Conducted on
2 Stress~Relieved A285, Grade C Steel
; Yield Tensile Elongation, Reduction
1 : Specimen Strength, Strenath, S inl in Area,
E Identification Orientation psi psi inch %
| &
3 x hs—receiVed(l) Longitudinal 38,000 61,000 40.7 54 .
. Transverse 58,500 61,000 44.8 60
¢ Static (1 Longitudinal 44,900 61,500 35.1 52
d ¢ Prestrain "’ Transverse 45,009 61,500 38.7 &0
ot Explosively ,, ~ Tongitudinal 45,000 62,000 31.8 54
4 - Free Formed
3 . Explosivalb) Transverse 43,00C €1,000 35.3 61
1 Die Formed
3 3
t
. (1) Average of three tests each orientation
i (2)Avera.ge of four tests
:
1
4
i
i
L:a
§
] .
5 :
;;,‘ 0
£
§
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Charpy tests were conducted on sub-size specimens of the A285 steel.
A1l of the spe~i‘lens were ~rientated with the nctch normal to the final
rolling directicn with the exception of three sp:cimens in the as-received
condition.

Results of the impact tests are presented in Table 4 and Figure b,
The impact properties of the explosively formed materials are about the
same regardless of whether they wexr. free or die formed. Also, the non-
stress relieved as-received specimens had impact properties about the same
as those that hed been heat treateda. Explosively formed specimens had
impact propertics that were slightly better than the as-received stock in
the longitudinal orientation, but about the samz for the base stock in the
transverse orientation. Static prestraining reduced the impact strength of
the steel and increased the ductile to brittle transition temperature, as
can be seen in Figure u.

Metallographic studies of the A285 steel indicated no differences in
the structure as a result of forming technique. There were a few shock
twins in the explosively free formed stock, which might account for the
lower ductility of this materisl. The material was isotropic with respect
to the final rolling direction. The marked decrease in the impact resis-
tance of the statically prestrained specimens could not be attributed to any
difference in the microstructure as examined by light microscopy.

Since the A285 steel was tested in the stress relieved condition, no
comparison can be made to prio; work in which strengths of statically
formed low carbon steel were greater than those of dynamically strained
material. The heat treatm. it would tend to give more uniform results,

especially at the low level of strain (0.053) used in these tests.

vVi-9

Vvt AP g A #on TN A Y AT v 0o AUE &g g # T T Ny 2+ I N at g WA (LRI AR T it e IRt t T e TR TR IR AN A DL SS s e e e R

1§

TR



A

C

A5 bl =k Sat

32 I s L SLLULE A DI it de gl ol 2o g R e ML e TP I L P,

LR ) et A A A At
Lad PR N P L IR
P L T R L PravemayrrEe T VL R S i R NTETARTLR g A S B T WA TER S wi

~ -\
~ v

Table 4. Results of Charpy Impact Tests
on A285, Grade C Steel

Impact Enexgy.

Condition Temperatuxe, °F ft.-1b.
As-received, transverse =25 2.0
10 31.5
85 40.0
As-received, longitudinal -35 6.0
5 12.5
20 17.0
As-received, longitudinal, -90 N et s 2.0
stress relieved -35 6.0
5 13.0
20 17.5
85 37.0
Explosively free formed, -310 0.5
longitudinal, stress -190 i.0
relieved -90 1.5
-40 6.0
0 26.0
5 25.0
85 42.0
85 43.0
Erplosively die formed, -90 1.5
longitudinal, stress -25 3.0
relieved 0 23.0
10 35.0
55 41.0
85 44.0
Statically prestrained, =275 .
longitudinal, stress -90 .
ralieved -30 .
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Figure 4. Results of Charpy Impact Tests
on A285, Grade C Steel
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RESULTS AND DISCUSSION OF TESTS ON A515 STEEL

The AS515 steel was tested both after forming and after subsequent heat

treatment. Two levels of strain were used in the tests so strain effects
B could be distinguished as well as the e“fect of heat trecatment. The results
e L

of the tensile tests on the as-received or base stock and the material

after straining are presented in Table 5 and Figure 5. Results of tensile
tests conducted on stress-relieveu. specimens are presented in Table 6 and
3 are also 4included on a comparative basis in Figure 5.

Tests on the steel after straining indicated that at the lower str. 1
level, a mixed result was present. The cold roiled 0.04 strain material
had a higher yield strength but a lower teusile strength than the ~xplo-

»

sive¥j~formed material. The higher yield point of the cold rolled material

woq&é be consistent with results obtained in prior studiesh’s’6 comparing
static and dynamic strain conditions. The higher tensile strength of the
explosively formed AS515 steel would not be consistent with the earlier

observations. At the high strain level, 0.35, both the yield and tensile

oy v

strensths of the explosively formed material were higher, which does not
agree with the earlier observations.

Strain hardening was evident as both the cold rolled and explosively
formed material had higher yield strengths than the as-received material.
At the higher level of strain (0.35) both the tensile and yield strengths

were considerably higher than those of the as-received material. At the

e . e -

lower strain level (0.04) both the cold rolled and explosively formed stock
would meet ASTM specifications without resorting to a stress relief heat
treatment. At the higher strain level (0.35) the tensile strength would

be too great and the ductility would not be great enough to meet specifica-

tions.
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T Table 5. Results of Tensile Tests Conducted
b on A515, Grade 70 steel(1)
§ Yield Tensile Elongation, Reduction
) Specimen Strength, Strength, % in in Area,
: Identification Orientation psi psi 1 in. $
' As-received Longitudinal 57,000 74,000 33.2 60.5
Transverse 61,000 76,000 31.6 56.7
Cold Rolled, Longitudinal 68,000 75,000 31.2 62.0
3 0.04 Strain  Transverse 63,000 74,000 32.7 58.7 ,
Explosive Die Longitudinal 63,000 80,000 23.3 53.5
Formed, 0.04 Transverse 67,000 81,000 22.0 53.8
Strain
Cold Rolled, Longitudinal 93,000 98,000 12.4 48.2
0.35 Strain Transverse 95,000 100,000 10.9 44.5
Explosive Free Longitudinal 104,000 109,000 g.5(2 34.2
Formed, 0.35 Transverse 103,000 109,000 8.8 36.4
Strain
(1)

Average of three tests

(Z)Average of two specimens

E
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Figure 5. Results of Tensile Tests on A515, Grade 7C Steel
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) § Table 6. Results of Tensile Tests Conducted on Stress
& Relieved A515, Grade 79 Steel(l)
S
3 .i
k. %
F Yield Tensile  Elongation, Reduction
: ‘ Specimen Strength, Strength, % in in Area,
; Identification Orientation psi pSi 1 in. %
ﬁ ) As-received Longitudinal 45,000 69,500 37.5 61.3
- Transverse 46,000 713000 37.6 60.7
Cold Rolled, Longitudinal 39,000 69,000 37.1 63.0
0.04 strain Transverse 39,000 €9,000 38.4 61.6
. " Explosive Die Longitudinal 48,000 75,000 32.2 57.5
4 Formed, 0.04 Transverse 48,000 75,000 33.7 59.4
3 Strain
Cold Rolleqd, Longitudinal 45,000 68,000 35.7 66.3
0.35 Strain Transverse 48,000 71,000 32.6 59.2
i Explosive Free Longitudinal 52,000 78,000 28.3 2 53.0
3 Formed, 0.35 Transverse 49,000 76,000 32.1(2) 58.5
k Strain
(1)

Average of three tests
Arexrage of two tests

(2)
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Some orientation effects are present, but they are not consistent.

The yield strength of the base stock in the transverse orientation to the
; final rolling direction is higher than the longitudinal. The same is true
é of the explosively formed meterial at a strain level of ¢.OW and the cold
; rolled at the 0.35 strain level. The reverse situation is present for the

cold rolled 0.0k strain and explosively formed 0.35 strain level specimens.

[l it o

The difference in properties as a result of orientetion is not as marked

YT

at the high strain level.
The stress relief heat treatment had effects upon the A515 that would

be anticipated with respect to recovery. However, the degree of decrease

A W2t P L

in yield and tensile strengths as a result of the type of strain mode was
not as anticipated. In prior work with aluminum alloys, investigatorsl5’l6’l7
had noted that heat treatments had to be adjusted to shorter times for ex-

plosively formed material. Using this analogy, the recovery of the explo-

sively formed steel would have been greater than that of the cold rolled
A515.

Stress relief heat treatment of the as-received stock resulted in a
decrease in the tensile strength of about 6.6 percent (75,000 to 70,000 psi)
and a decrease in the yield strength of about 23 percent {58,000 to L5,000
psi). At an effective strain level of 0.04 the corresponding decreases in
the tensile and yield strengths were about 7.4 and 26 percent, respectively,
for the explosively formed steel and 7.4 and 4O percent, respectively, for
the cold rolled material. The results obtained by stress relieving the

steel with 0.0h4 strain indicated that cold rolling had a dramatic effect

upon the recovery process while explosive forming had about the same effect
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as was noted in stress relievinz the as-received or base stock. The
recovery of the cold rolled AS51% steel was so good that the tensile
strength specification could no longer be met. This observation of a
greater decrease in strength as a result of static straining conditions
and an isochronal anneal was not consistent with the earlier observations

of the effect of strain mode on heat treatment processes.

,,.;» ..
enprn e T EY R UM NN
it IR RTINS

f H Explosive forming had a greater influence at the higher strain level,

€* = 0.35, on the tensile and yield strengths than cold rolling. Cold
rolling increased the yield strength about 62% (58,000 to 94,000 psi) and

the tensile strength about 32% (75,000 to 99,000 psi). Explosive forming

; increased the yield strength 67% (58,000 to 103,000 psi) and the tensile

3 strength by about 45% (75,000 to 109,000 psi). Subsequent stress relief

of the A515 steel strained to 0.35 effective strain reduced the yield strength

of the cold rclled materiai by about 30 percent and that of the explosively

formed material by about 29 percent. Decreases in tensile strengths were
529 and 51%, respectively, for the cold rclled and explosively formed

material. At the higher strain levels the recovery was about the same on

]
§
{

a percentage basis with a slightly greater effect being noted for the cold
rolled material. On the basis of ductility the recovery of the explosively
formed A515 was substantially greater than the cold rolled steel.

Stress relief annealing of the steel strained to 0.35 was required so
the material would meet ASTM specifications. As with the steel cold rolled
at 0.04 effective strain, the tensile strength of the cold rolled material
strained to 0.35 effective strain was slightly below the 70,000 psi minimum.
Again the heat treatment schedule would have to be altered for the cold

rolled A515 so it could meet the minimum tensile strength requirement.

Vi-17

| 78
ke

PRy
N . pprTaTToR. Srana
ek MMt & i £1.005 sk a s Sheaah e aa sl L 2t e waalkal S s i




v e T i ». At AP POV K (e 4 - T T - ol e, BRI SR Jd - - -~ e e e - -
Fﬁm S SN e Rk S E D (il LD ML LRI R X by VEFIROVT L T TG, TN I A TR U Y T TR IR SRS T T T, -
x

3
3

TV T Y T

TR Ry

bitataatasn

Charpy impact tests were conducted using standard size Charpy speécimens
for the as-received steel and the material strained to 0.045 effective
strain. Results of the impact tests are given in Tables 7, 8, 9, 10, and 11
and are graphically presented in Figures 6, 7, 8, and 9. 1In Figure 6 a
comparison is made of the results obtained with material strained to 0.0
effective strain and the as-received stock. Very little difference is
nresent between the cold-rolled and explosively formed material, although
the impact resistance of the cold-rolled material is slightly higher. The
as-received material displays some orientation dependency with the longitu-
dinal orientation having a lower ductile to brittle transition temperature
and higher impact resistance. The orientation dependency is the same with
the cold rolled material, but the reverse is true for the explosively formed
stock. These results cannot be correlated with the tensile tests.

Stress relieving the A515 steel strained to 0.045 effective strain has
an influence on the impact test results. A greater orientation effect is
noted after stress relief for the explosively formed material. After
forming, both orientalions of the explosively formed steel were about the
same with the transverse being slightly better. On stress relieving, the
impact resistance of the transverse orientation was increased and the ductile
to brittle transition temperature lowered. There was essentially no dif-
ference in the results obtained w#ith the explosively formed longitudinal
orientation.

Stress relieving the cold rolled specimens resulted ir & slight decreacs-
in the ductile to brittle transition temperature of the longitudinal orien-

tation with very 1ittle difference teing noted in the transverse orientation.
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Table 7.

Condition

Asg-received

As~-received,
Stress Relieved

Results of Impact Tests on Base Stock of

A515, Grade 70 Steel

QOrientation

Longitudinal

Transverse

Longitudinal

Transverse

Temperature, °F

-238
-148
-58
32
75
200

=234
-145
-58
32
75
200

-100
75
200
356

-100

Impact Energy,
fto -lbo
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Table 8. Results of Charpy Impact Tests on A515, Grade 70

A aniadc o
T

o Steel Cold Rolled to 0.04 Effective Strain 5
3 12 3
] ; Impact Energy,
E & Condition Orientation Temperature, °F ft.-1b.
1 [
i § Ag-rolled Longitudinal -238 2.5
L E ~148 3.5
: -58 3.5
{ 12 4.0
Lo 5 11.0
A 75 13.0
3 ; 75 31.0 '
; 136 44.0 '
o 200 76.0
: Transverse ~148 .

: -58
3 . 32
: 75
75
A 75
1 144
’ 200
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: e Table 9. Results of Charpy Impact Tests on A515., Grade 70
% Steel Explosively Pormed, 0.04 Effective Sirain
: g Impact Energy,
S Condition Orientation Tamperature, °F fi.-1b.
Eox
3 2‘ As-formed Longitudinal -238 3.5
P -148 3.5
£t 32 4.5
P 75 27.5
o 125 35.8
g 200 52.5
: é 300 55.8
E i Transverse -148 3.5
F ¢ 3z 4.0
{ 50 5.5
ot 75 20.5
Pk 126 46.0
B 20¢ 70.8
Lo 305 53.2
E : Stress Relieved Longitudinal -148 3.8
N ~58 3.3
; 32 6.0
. 32 14.0
y 75 24.5
: 126 36.0
) 200 61.0
2 Transverse -148 2.0
; -58 3.0
{ 32 7.0
H 75 49.0
5 63.5
126 61.5
200 68.0
306 89.0
{
]
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Table 10. Results of Charpy Impact Tests(l) on A515, Grade 70

Aha-ta bl B A O i
G e

Steel Cold Rolled to 0.35 Effective Strain
g §
1 Impact Enexrgy,
i % Condition Orientation Temperature, °F ft.-1b.
S As--rolled Longitudinal -100 1.5
R 0 3.9
C 75 8.0
£ 140 11.4
200 13.7
. 358 12.0
: Transverse -100 1.2
‘ } 0 3.2
- - 75 5.5
! 140 8.2
200 10.2
356 9.9
1 Stress Relieved Longitudinal -100 .
4 -50 .
i 0 .

E: 75
3 200
. 356

WA

0 > O 3 b
.

oo NDOWmM

; Transverse -100
3 -50
: 0
75
200
356

NN

N W S
e e o 9 @

MO Y &

(l)Sub-size specimens
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Table 1l. Results of Charpy Impact Tests(l) on A515, Grade 70 Steel,
Explosively Formed, 0.35 Effective Strain

Impact Energy, |
Ccndition Orientation Temperature, °F ft.-1lb.

TR ST Y, W YR e O T e
SR T A P e et L b
2 2 L.
AR ATy £ 1T T :
M SN 7 st

NS

- Asg-formed Longitudinal 32

75
122
167
212
302

T T

T
0

|
TR
L]

*

~JU1.0'\UI-§N
OO OoCo

TR IR
.

2 Transverse 32
' 75
122
F: 167

SO SJwWwN
.
DO0OO0OO0O0O0

AR
.

¥ 212 .
% 302 .
=t
L & Stress Relieved Longitudinal -100 1.2
) -50 8.9
:, 0 10.5
i 32 14.3
: 75 18.3
200 21.9

Transverse -100
~50

AT £ R RO
N

32
75
200

N Rl
oo oM
*
Ao UueoN

(1 Sub~size specimens
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o 100

: 90 |- O—O Explosively Formed, long L—a
: @—@ Explosively Formed , trans /-
80 |- Or-1J Cold Rolled, long . -
@8 Cold Rolled, trans
or . ; /@ .
A-~A AsReceived, long i_(‘ /

60} &4 AsReceived, trans

50

a0l

Fracture Energy, ft-Ibs

30

20

10

~-100 0 100 200 300
Temperature, °F

o rehe
- 300 =200

Y N ST TN

Figure 6. Results of Charpy Impact Tests on AS515, Grade 70
Steel - As-Received; Cold Rolled and Explosively
Formed, ©* = 0.045 Strain
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100
: - A
: 90} ©O—O Explosively Formed , long -
@—@ Explosively Formed, trans
80+ O -1 Cald Rolled, long T
" 1 @--48 Cold Rolled, trans
o2 0F A AsReceived, long A 1
[ — —
< eol A---A AsReceived,trans i
5
- :; 50 - -
=
w
[ 40"'
[ %
3
°
S 30
L]
Ww
20+
1ok J
O A . .
0 ol i ! 1 ]
-209 - 100 0] 100 200 300 400

Temperature, °F

Figure 7. Results of Charpy Impact Tests on AS515, Grade 70
Steel - A-Received; Cold Rclled and Explosively Formed,
€* = 0.045 Strain, Stress Relieved One Hour at 650°C
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25
O—O Explosively Formed,long
@—@ ExplosivelyFcrmed, trans
20 |- O Cold Rolled, long . -
® ®—8& Co'd Rolled, trans
= IS -
2
g ”D----~_~-
W ’/’ O
@ -0 --
2 b~ ” ’f’.‘_— - .
< 10 , - -]
2
w
S |- -
g=="
0 2 1 A L 1
-100 0 100 200 300 400

Temperature, °F

Figure 8. Results of Sub-Size Charpy Impact Tests on A515,
Grade 70 Steel Cold Rolled and Explosively Formed
to ¢* = 0.35 Effective Strain
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Figure 9. Results of Sub-Size Charpy impact Tests on AS15,
Grade 70 Steel Cold Relled and Explosively Formed
to £¢* = 0.35 Effective Strain and Stress
Relieved at 650°C for One Hour
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‘fable 12. Temperatures at Which an Impact Strength of 40 ft.-~1b.
Is Obtained in A515, Grade 70 Steel -
As-Received, Cold Rolled and Explosively Formed
to 0.04 Strain, and Stress Relieved

Straining
Procedure
Cold Rolled
Explosively Formed
Explosively Formed
Cold Rolled
As~-Reccived

As-Received

As~Received
Cold Rolled

Explosively Formed

Orientation

Longitudinal
Longitudinal
Transverse
Transverse
Transverse

Longitudinal

Temperature for 40 ft.-lb., °F

Original After 650°C
Condition Stress Relief
125 160 ’
120 i20
120 70
118 130
95 70
58 88

Average of Both Orientations

77 79
121 129
120 95
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A marked increase was noted in the ductile to brittle transition temperature
of the as~received longitudinal orientation specimens as a result of stress
relief. In the transverse orientation a decrease in the ductile to brittle
transition temperaturz was observed. Stress relief heat treatments generally
increased the impact energy to fracture above the transition temperature for
the materials strained to 0.045 effective strain.

A comparison of the impact results of the specimens strained at 0.045
effective strain is presented in Table 12. In this comparison the tempera-
ture at which an impact resistance of 40 ft.-1b is obtained is presented
for each group of tests. After forming and before stress relief, the
longitudinal orientation of the base stock has the lowest temperature and
could be considersd to have the greatest resistance to impact and the lowest
DBYT. On an average, the as-received steck is the best followed by the
explosively formed and then the cold-rolled material. After stress relief
the same average order is maintained.

Charpy impact tests conducted on the steel deformed to 0.35 effective
strain indicated that cold rolling did not reduce the impact strengths as
much as explosive forming (see Figure 9). This observation is consistent
with the tensile tests in which the ductility of the cold rolled material
was higher and the tensile strength lower than the explosively formed counter-
varts. Also, the longitudinal orientation of the Charpy tests gave the best
results and in the tensile tests had the ﬁighest ductility within this group
of specimens.

Stress relief snrealing of the material strained io 0.35 effective
strain markedly increased the impact energy to fallure. The ductile to

brittle transiticn temperature were reduced by stress relief neat treatment.
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The cold rolled AS515 steel had better resistance to impact than the explo-
sively formed material after straining to 0.35 effective strain end stress
; gg relief. However, the tensile strength of the explosively formed stock was
§§ much higher and the ductility lower, which would explain the performance
i
X %v of this group of specimens.
§ A metallographic examination was conducted on the AS515 steel corres-
: F
f g ponding to each condition tested. The base stock had a normalized isotopic
E ? structure which was not altered to any great extent by strains to 0.045 or
S

subsequent stress relief heat treatment. At the higher strain levels (0.35

~s

effective strain) grain elongation was apparent bu* was uniform in both

Rl it e LA £

orientations. Recrystallization of the ferrite grains occurred as a result

of stress relief heat treatment at 65000. Besides the recrystallization of

™

the ferrite to give a smaller grain size, further spheroidization effects

were noted in the pearlite grains. The recrystallization effects are con-~
sistent with other investigationsl8 in which increasing amounts of cold

work reduce the temperature and time required for recrystallization.

VA v gt Ay W g

CONCLUSIONS

PPN

The tests conducted on the A285, Grade C and AS515 Grade 70 steels
indicated that under the correct conditions of, strain and heat treatment,
these steels can be explosively formed and meet ASTM standards. At low

strain levels up to 5%, stress relief annealing is not required to meet

. - aacos bR
- TN v
grasr 5
< Fm didivg e Ay “ !

ASTM specifications for tensile properties but would be desirable for impact

resistance.

s T T
o Pl

The tests conducted on the A515, Grade 70 steel strained to 0.35 effec-

tive strain do indicate that regardless of how the strain is introduced,
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stress relief heat treatments are required to restore the mechanical proper-

ties to meet specifications. Impact properties are enhanced as much as

threefold by the stress relief heat treatment of the A515 strained to 0.35

effective strain.

,
7% BRI

By (e et S I bbb
A e s .

§

The comparison of cold working methods indicates that ver) little dif-

ference can be anticipated in the tensile properties of the A285 steel at

TR KT

low strain levels. Impact strengths of the explosively formed and stress
relieved A285 steels are comparable to non-strained stock subjected to the
same heat treatment or not heat treated at all. Static straining plus heat
treatment resulted in impact properties that were not as good as either the
base stock or the explosively formed A285 steel.

Static straining of the A515 steel did not give tensile strengths that

were as great as in explosively formed material. This is an anomaly when

compared with existing data in which static strain rates as compared to
dynamic generally result in harder and stronger low carbon steels. Stress

relief annealing had a greater effect at both high and low increments of
->

strains on reducing the tensile and yield strengths and on increasing the
ductility. Again, if increase in strength were a function of stored energy
and dislocation density, a greater effect on stress relief annealing would
have been anticipated from the explosively formed steel than from the cold

rolled. However, the situation was exactly the opposite, which again i:

another anomaly,

FUTURE WORK

In light of the anomalies found in this investigation, it would be

M VININ p s a . NS T S ey Y WEIER P apn P Bialp e ie W e
Ay M s = s

i beneficial to conduct electron microscope studies on the sub-structure and

the effect of static and dynamic strain on recovery processes.
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VII. EDGE PULL-IN IN EXPLOSIVELY FORMED DOMES

M. Kaplan

S. Kulkarni
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SUMMARY ~
i
§§ A simplified analysis for the prediction of edge pull-in of explo-
§ sively formed domes is developed. The primary assumptions are thai.inertia
3 §§ effects are negligible and that the shape of tke middle surface of the blank

o2
£y

is known at all times in the forming process.

Markov's principle of minimum plastic work in conjunction with the {
Rayleigh-Ritz method is used. The results of the analysis are used to
compare ubickness strain both in static dome formation and bulge testing
and to predict the initiation of necking in the dome., There is good agree-

ment in all cases.

Predicted values of edge pull-in versus draw depth also agree well

D A M R T AT

with explosive dome forming data. The analysis, however, does not accurately

predict the strain field in the dome, particularly in the region of the

Trmrer apdann

apex. By an extension of Markov's principle, it is shown that the error

% in the prediction of strain is not a result of inertia effects, but rather

g is caused by differences in loading in the static and dynamic forming pro-

g cesses. The reduced thinout which occurs dynamically is & result, therefore,
% of the interaction between charge location, energy t-ansfer medium, and the

% blank, and is not a property which is inherent in the explosive forming pro-
;

i cess itself.

%
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INTRODUCTION

In the explosive forming of domes a thin circular metal blank supported
by a suitable hold-down mechanism near its outer edge is subjected to a
blast load when the explosive charge is detonated. The resulting pressure
forces the central portion of the blank, i.e., the dome, into the die cavity.
As the depth of the dome increases, the annular flange feeds material into
the dome, thus preventing excessive thinout. The edge pull-in, i.e., the
inward radial displacement at the edge of the blank, is appreciable for
deep domes even with hold~down pressures sufficient to prevent flange
wrinkling. With shallow domes, edge pull-in is insignificant.

The edge pull-in is an important parameter in determining the mechan-
ical state of an explosively formed deep draw dome. Excessive pull-in can
produce flange wrinkling, while insufficient pull-in can result in tearing
of the blank., Also, since the flange is usually discarded after the dome is
formed, prediction of pull-in is necessary for economic reasons.

In the present study, the edge pull-in as a function of draw depth
will be predicted for a draw-forme¢ hemispherical dome.

The deformation of clamped metal hlanks subjected to blast or impul-
sive type loading has been considered by Hudson,(l) Wang,(a) and Witmer,
et al.(3’u’5) Hudson used a moving plastic hinge concept to examine an
unloaded blenk with a specified initial velocity field. Wang considered
only bending stresses in his rigid plastic analysis, and Witmer, et al.
made a rigorous numerical analysis of a circular plate subjected to blast

(6)

loading which gave good agreement with experimental results. Hill used

VII-2
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a quasi-static analysis to obtain an explicit solution for a clamped metal

-
PERLE

diaphraym which is bulged plastically by lateral pressure. These analyses
do not include the flow of flange material into the die cavity and thus

cannot be used to predict pull-in.

b

oy

A simpler formulation of the dynamic problem led to the analysis
by Thurston(7) who extended the work of Boyd(a) to include specified amounts
of edge pull-in. This analysis, however, is restricted to shallow dish

shapes.
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DISCUSSION OF THE PROBLEM

TS NPT,

A complete mathematical description of the process has not yet been

- achieved. A primary objective of this study is to provide a relatively

i g A

1 simple analysis, based on realistic assumptions, that will yield relisble

predictions of edge pull-in. Accordingly, two simplifying assumptions are

é E made.

% ’ Al: The shape of ihe dome is always a segment of a

; Sphere.

1 A2: The dome is formed at a sufficiently slow rate so
é that the flow process is quasi-static, i.e., the
: accelerations are negligible at all times.

(9)

Assumption Al is based on en investigation conducted by Ezra to

o e

] determine optimal standoff distance with regard to uniformity of strain

field, uniformity of draw, minimization of thin out and minimizaticn of
charge weight. He found that a standoff distance/die diameter ratio of 0.167
is most favorable. The domes which result from the use of this ratio are
nearly spherical.
Assumption A2 was based on the result of experiments conducted for
the purpose of comparing the edge pull-in of statically and dynamically
: formed domes. The blank material was 2014-0 aluminum. A die was used to
assure the same final shape in both cases. Dynamic forming was achieved
by forming the domes explosively in water. St;tic forming was accomplished
by rubber pressing. A shaped rubber block, confined in a piston-cylinder

arrangement, was pressed against a greased blank. The cylinder walls were

¢
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attached to the blank hold-down ring and pressure was applied to a steel

piston on top of the rubber block.

Figure 1 shows the profiles of the statically and dynamically formed
domes and Figures 2(a) and 2(b) show their circumferential and thickness

strain distributions, respectively. The circumferential strains were deter-

I

mined from the change in length of the photographically etcned circumferential

Fa
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grid lines. The thickness strains were calculated from the change in thickness.

T
PRION

These results show that even though the strain distribution is some~

T

il

what different in the two domes, the edge pull-ins are nearly identical. This
implies thot an analysis which proceeds from assumptions A and A_ should
] be suitable for predicting pull-in, It is clear from the experimertal

observa.ions, however, that there will be some error in the predicted strain

field, particularly in the neighborhood of the apex of the dome.
Based on experimental observations, we shall use the usual membrane

assumptions that bending effects are negligible and the shear stresses and

B e 2 L

heiice the shear strain rates vanish across the thickness. In view of A

it is appropriate to use sphezical.coordinates (R, §, 6) for the dome.

: Cylindrical coordinates (r, ©, z) will be used for the flange. The longi-
gudinal z axis is assumed to coincide with the axis of symmetry of the dome

and the flangc (Figure 3).
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MATHEMATICAL MODEL

LN

The analytical approach will be to use the Rayleigh-Ritz method in

conjunction with Markov's principle which states:

Among admissible solutions which satisfy the conditions of
compatibility and incompressibility, as well as the geo-
metrical boundary conditions, the actual solution renders
the rate of work an absolute minimum,

¥ SR TITETA, T L T e

The variational principle stated above has been developed for quasi-

-

static problems in the fiow theory of plasticity. Its use is restricted to

rigid-plastic Prandtl-Reuss materials described by the equations

s 4z %
+ SIAE

.. (1)
1]
émn

A T AT, e B X R A R R N A T N R

where sij and éij are the deviatoric stress and strain rates, respec-

L L AT A

tively. o<>is the yield stress in simple tension.

The work done per unit time on an elemental volume dV is given by

av . (2)

Equation {2) will be used to evaluate the rate of work for the dome and the

LSk T A
NS RAR AN vt . Pt

flange.

ST P
- h]

Dome hAnalysis
The physical components of the normal strain rates in spherical

coordinater, assuming axial symmetry, are

i M#,-Jg;wmr,!wx o s

VIT-9
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® &R = VR,R
Vv,

. __R 1

46 = R 'R Vg4 (3)
v v

. __R. ¢

eee— R+ Rcotgf

and éR# =0 because of the membrane assumption. In equations (3) the v,
are the components of velocity. The comma is used to denote partial dif-
ferentiation with respect to the spatial coordinates.

Assumption Al constrains the radial velocity field vR at the neutral
surface such that
= (1 -

'R /——2* cos #) 5 (4)

where P 1is the radius to the neutral surface and a is the radius of the die.
Because of A2, the time can be replaced by any other parameter which varies
monotonically with it and is characteristic of the deformation. In the
following, therefore, we shall replace real time by the pseudo-time variable
P . Tloting that time differentiation with this procedure reduces to

differentiation with respect to p , we have

(5)

Ve
]
=

and ()

= )
't ( I'D .
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Thus, the expression for the radial velocity at the neutral surface reduces

™~ to
¥

: v. = {1 - £— cos g) . (6)

R 0%-a

*

&

The first of relations (3), physically, is the thickness strain rate.

(0]
Using Alamansi'e definition of finite strain,(1 ) the average thickness

strain is given by

em=%<l"%> m

where ho and h are the original and current thickness respectively. For

N

the velocity field associated with this problem, the material derivatives
D/Dt of the principle strains are equal to the strain rates.* Therefore,

the average thickness strain rate is given by

2
De h v
« __RR__0O £ 8
¢ R = ot 3(h'p+ph’¢). (8)

The membrane assumption implies that the tangential strain rate égﬁd and
the hoop strain rate éee are constant across the thickness. Hence we

can write the last two relations of (3), at the neutral surface, as

. YR 1

66 =% T V4.8 (9)

v A\
¢ R, 8
Ges—p -sp COt¢

¥Tor the derivation we refer readers to ref. (11).
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Flange Analysis

A bar will be used to distinguish the flange displacement, velocity,

strain rate and stress components from similar quantities in the dome.

Neglecting friction, the equilibrium equations in the radial and axial
directions are
-— 1 — —
= - qa =0
¢ + x (crr 69)

rr,r

(10)

NG TR T S I T e T TR

c =0
22,2

and the equation in the tangential direction is identically zero. The

boundary conditions are (Figure 3)

0 = 0 at r=>»»,
rr

(11)

It
)
o
1]
ct
N
il

t
+—.
azz - 2

wvhere P is the clamping pressure.

The von Mises yield condition, which represents an ellipse in the
.. C

rr 06 Plane, can be approximated by the straight line
[

G =04 =0 (12)

for the stress condition in the flange, i.e., 3 > 0 Ogg < 0.

The problem is statically determinate. Using (12) in (10) together with

(11), the stress field in the flange is

6 =0 fn b
rr o r (13)
- b
c96 = oo(ln . 1)
6 = -p .
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% "‘;z_‘; The stress-strain rate relations (1) will be used to determine the velocities
3 ‘{:‘} and strain rates. The ratio of the radial and hoop strain rates is :
B . _ _
€ 20 -0,., -0
T & rr _ _ rr 88 2z (14)
& €, 20,,-0_ -0
¢ 66 %08 rr 2z
; :;
2 2 Substituting the strain rate-velocity relations for the flange given by
F L T =%
§ rr . Vr,r
% € = -— 1
S 60 r (15)
4 : z = -\;
. H 2z Z,2
¢ in (14) together with (13), gives
: !
i . 3
: by (-20_+ P)
< = 9P 0 (16)
r
b 3
=-2) +P]
b[ao (fn " )
.!4
after satisfying the boundery condition that ;r = %% at r = b, It follows
that the radial and hoop strain fields are
db 3 b
’ . - (.20 + o =
- _ G (20, + )7 lo (fn T+ 1) + P]
; err = Ve,r - b 4
’ bl (fmn = - 2) + P]
i . o r
i and (17)
§ - db 3
% . — (~20_+ P
N e . = ‘_’_I.'. - dp (-2 o )
5 80 " r . b 3
o = - + PJ
ble (fr T - 2)
i respectively. The axial strain rate Ez is obtained from the incompres-
‘g * . »
;. sibility condition € 4+ €,, + € = 0,
. ry 06 2z
¢
£
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i‘;ﬁ . ~35 (=20 + P)7[e_(2 fn 2 - 1) + 2] .
it - p o [*] r .
g% €22 = b 4 (18)
5 b[oo(ln T2+ P

2

: S

e

Noting that Ezz = ;z 2 (18) can be integrated to give the axial
’ 14

£2%
LIS,

Tt

velocity as

Ity

. 8b 3 b _
o (-20_ + P) [oo(z In S -1+ 2p)

v, = 5 7 2 {19)
b[Go(ln . - 2) + PJ

-

after satisfying the boundary condition that '{r-z =0 at 2 = 0. The strain

rate and velocity field for the flange have been found in terms of the outer

Sed AT S SRS BRSNS RY

radius b and its time rate of change.

Continuity Conditions at the Edge

e

3, 4t AT cxare %

The incompressibility of the blank material requires that the rate
of mass flow at the inner edge of the flange be equal to that at the edge

of the dome. Therefore,

¢« (;rg) r=a = ° (v¢h ) ¢=¢e (20)

where the flange quan;,ities are to be evaluated at r = gand the dome

quantities at ¢e = sin-':L % (Figure 3). Experimental observation indi-

TR RN P D RTINS Y e e
LR oo 8

g
R kS

cates that the change in blank thickness over the edge is quite small (of

%;‘r‘ the order of 0.2%). Equation (20) can then be simplified and expressed
&
£
H as two separate relations
g
{1 —
kS = a(v,))
¥ 5 a(vy) pg (Vg g=g (21)
|
7..» % and
3 }"E.‘ I = (h (22)
(h) g = (M) gy
e
VIT-14
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Equations (21) and (22) provide two conditions for relating dcme and flange
quantities. 1In the preceding section, the flange velocities were found in
terms of b{p) . FEquation (21) iz, therefore, a reiaticnsnip between b{p)
and vgg. Since both the radial and hooy velocities in the d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>